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ARTICLES ‘

CHOICE OF ORGANIC DILUENTS FOR THE EXTRACTIVE REGENERATION
OF THE SPENT FUEL OF NUCLEAR POWER PLANTS

G. F. Egorov, A, P. Ilozhev, o UDC 621.039.59:66,061.5
A, 8. Nikiforov, V. S, Smelov, V. B. Shevchenko,
and V, S, Shmidt

At the present time the extraction of tributyl phosphate dissolved in hydrocarbon diluents is the basis for
a number of engineering methods for regenerating spent fuel from nuclear power plants in the USSR [1-3],
France [4], Great Britain [5], Japan [6], and the Federal Republic of Germany (FRG) [7]. The development of
work in this area over a period of many years has determined the evolution of the technical requirements
placed on the diluents, It is known that previous plans for using technical products with involved composition,
such-as Solvesso 100, "odorless" kerosene, Shell Sol, p-aminobenzine, etc.,have gradually been replaced in
favor of the application of individual hydrocarbons or mixtures of hydrocarbons of fairly narrow fractions

. (mainly synthetic products), which has limited the spectrum of possible admixtures to be controlled. The pur-

pose of this article is to unify the physicochemical data which determine the choice of hydrocarbon diluents

The main indicators which characterize the hydrocarbon diluents of the aliphate series (n-alkanes) are
the length of the hydrocarbon chain and the content of admixtures of different chemical nature — olefin and
aromatic hydrocarbons, alcohols, carboxylic acids, and also other admixtures which enter the diluent from the
original raw material or which are formed in the synthesis. ‘For hydrocarbon diluents in the extractive cycle,
it is important to take into account the content of the products of nitrating, oxidation, and radiative-chemical
interaction with the dissociation products of the extracting agent [8], Our main attention in this article is di-
rected to those admixtures which are found in a fresh extracting agent, having regard for their consequences
as products which initiate the formation of the above technologically harmful substances as the extracting
agent and diluent are used.

Effect of the Length of the n-Alkane Chain on the Propefties of the

Diluent and the Extractive System as a Whole

The properties that determine the applicability of a diluent for practical use are the boiling point, freez-
ing point, flash point, viscosity, density, surface tension, and solubility in the liquid phase. Also very important
are the properties of the diluent which are responsible for' its interaction with the extracting agent and extract-
ing compound, those which affect the distribution of the extracting agent (tributyl phosphate — T BP) between the
liquid and organic phases, those which affect the distribution of the system components being extracted, those
which affect the compatibility of the diluent with the solvates of the compounds being extracted and the disso-
ciation products of the extracting agent. We will consider below the effect of the length of the hydrocarbon
chain of the diluent on these properties, \

Boiling Point, Freezing Point, and Flash Point, The dependence of these characteristics on the length
of the hydrocarbon chain of the n-alkanes (C) is shown in Fig. 1. It is seen that the freez ing point of the n-
alkanes becomes comparable with the lowest likely temperature of the operating area only when the number of
carbon atoms in the chain is higher than 15, On the other hand, reducing C to 10 puts the diluent in the flam-
mable category (B): the flash point becomes less than 25° higher than the maximum temperature of the sur-
rounding medium (~ 35°). :

The boiling point of the n-alkanes Cy;-Cy; falls within the limits which are tolerable in case vacuum distil-
lation is necessary. The addition of TBP leads only to a certain increase in the flash point and a reduction in
the freezing point of the extractive mixture as compared with the individual diluent, According to the indicators
shown in Fig, 1, it is thus permissible to use the n-alkane diluents Cy;-Cys.

Viscosity, Density, and Surface Tension. The dependence of these characteristics is shown in Fig. 2,

Translated from Atomnaya ﬁnergiya, Vol. 47, No. 2, pp. 75-79, August, 1979. Original article submitted
January 30, 1979. .
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where it is seen that lengthening the hydrocarbon chain causes a certain increase in the values of these char-
acteristics. For C less than 15, however, they remain at an acceptable (as far as the rate of phase stratification
in the extractive apparatus is concerned) level, The variation of the specific gravity and surface tension is

quite small (in the interval Cy;-Cys it is ~5%). The viscosity of the diluent in the same interval increases by
almost a factor of two, but this does not affect the rate of stratification of the emulsions and only can have
‘some effect on the kinetics of the mass exchange process in the organic phase. Since the kinetics of the ex-
traction processes with TBP solutions in n-alkanes are on the whole rather satisfactory (extraction equilib-
rium is attained in at most 1-2 sec [9]), this variation does not play a significant role in estimating the quality

of the diluents,

Solubility of the Hydrocarbons in the Liquid Phase. Hydrocarbons dissolve in the liquid phase to a very
small extent, with a severalfold reduction in the solubility associated with each successive carbon atom added
to the n-alkane chain. Using the available data [10] for the solubility of n-alkanes in water (n-hexane, ~ 120
mg/liter; n-heptane, ~50 mg/liter; and n-octane, 25 mg/liter), we derive a dependence of the form log 8 =
4.4 — 0.4n,* from which we find by extrapolation that for n = 10 and n = 11 the solubility of alkanes in water is
expected to equal, respectively, ~4 and ~1 mg/liter, and should decrease at higher values of C (n is the num-
ber of carbon atoms). Because of this characteristic, the physical distribution of n-alkanes with chain lengths
greater than C;;-Cy; does not introduce any appreciable content of organic substances to the aqueous solutions
in contact with the extracting agent (refinates, reextractates, and washing soluations).

Distribution of T BP between the n-Alkane Diluent and the Liquid Phase. The distribution of TBP be-
tween the n-alkane diluent and the liquid phase depends on the chain length of the alkane, since changes in
the latter are associated with a change in the activity coefficient of the TBP in the organic solution. The effect
of the nature of the diluent on the activity of the TBP in the extracting agent can be approximately predicted by
using the theory of regular solutions [12, 13]. An increase in the chain length of the alkane andits correspond-
ing molar volume causes an increase in solubility of the TBP in the equilibrium liquid phase as one passes to
diluents with large molecular weights. Data on the concentration of TBP in the equilibrium liquid solution are
shown in Fig. 3 (using the data of [14] for alkanes up to Cyy,.and calculated data for C;3 and higher). As one
passes from Cj, to Cys, the content of TBP in the liquid phase increases by 20%, which should be taken into
account in estimating the possible losses of extracting agent on contact with the large volumes of the liquid
. phase, :

Distribution Coefficients of the Valuable Components While Extracting TBP in n-Alkanes. The length '
of alkyl chains of hydrocarbon diluents has practically no effect on the distribution coefficients of uranium (VI),
plutonium (IV), and nitric acid during extraction by means of TBP solutions from aqueous solutions of nitrie
acid (Figs., 4-6). As a result, this factor has little effect on the choice of the length of the hydrocarbon chain
of an n-alkane diluent, From this point of view, any n-alkane with chain length C;-Cy; or a mixture of them can
be used as a diluent.

Compatibility of the Solvates Being Extracted and the Diluents. The nitrate solvates of hexavalent ac-
tinides are quite compatible with hydrocarbon diluents. It istherefore useful to consider the compatibility of
nitrate solvates with tetravalent actinides. This is determined by the maximum content of extracted element
or compound (in the organic solution) for which demixing of the organic phase does not occur, Figure 7 shows
the corresponding maximum concentrations of thorium extracted by a 30% solution of TBP in the form of a -
nitrate. As is seen, the lengthening of the n-alkane chain causes the compatibility to become worse, which
agrees with theoretical conjectures [13]. When the number of carbon atoms in the n- -alkane chain is around
15, however, the permissible concentrations of tetravalent actinides (~20 g/liter) far exceed those which
usually occur in the reprocessing of thermal neutron reactor fuel elements [2].

Effect of the Length of an n-Alkane Hydrocarbon Chain on the Radiative-Chemical Stability. The forma-
tion of oxidation and nitrating products during the irradiation of a system consisting of a hydrocarbon with an
aqueous solution of nitric acid takes place as a result of the interaction of the hydrocarbon radicals with the
oxygen and the nitrating agents (NO,, NO, and HNO,), i.e., with the dissociation products of the nitric acid [8].

It is known [15] that the overall yield of hydrocarbon radicals is a slowly varying function of C (from 6 to
16) in the radiolysis of n-alkanes. It should therefore be expected that their yields of oxidation and nitrating
products, which are used as the principal criteria of radiative-chemical stability, will be similar. However,
the experimentally observed accumulations of nitrating and oxidation products on irradiation of n-octane, a
C14-Cy5 hydrocarbon mixture, and also n-dodecane in contact with a 2 M solution of nitric acid indicate that the

.su*The solubility of aliphatic alcoholsul,in water shows a similar dependence [11].
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Fig. 1. Dependence 6n the number of carbon atoms in the hydrocarbon cﬁain
of the melting point (—-—), flash point (———), and boiling point (—) of n-
alkanes,

Fig. 2. Dependence of the dens ity (a), surface teﬁéion (b), a>nd vis'c‘o's'itg‘r (c)r
of n-alkanes on the number of atoms in the hydrocarbon chain.

"Fig. 3. Content of TBP in the liquid phase in equilibrium at 25°C with 30 vol.%
solutions of TBP in n-alkanes with a different length of hydrocarbon chain.

TABLE 1, Initial Radiative-Chemical Forma-
‘ . tion Yields of Products of Hydrocarbon Nitrat-
: ing and Oxidation of Various Molecular Weights
in Two-Phase Systems

Hydrocarbon — G, molecule/100 eV

2 M HNO, nito  jorganic | carbonyl | dissoci-
system ggﬂ'&s nitrites | compounds ?&%“ of
n-~octane- 1,240,2 |0,8+0,2 | 0,6-+0,1 |2,0+0,5
Clo'clz n=- N

alkane mix (0,5+0,1{0,3*0,1 | 0,1+0,02 |0,8+0,2
n-dodecane - (0,21%0,04/0,1-+0,02| 0,07+0,005(0,3-+0,1
Cy4=Cy5 n= :

;;kf;g mix. | 0.2 | 0,08 ot | —

initial radiative-chemical yield of products that is calculated from their accumulation curves for dosages of
up to 5-10?° eV/ml becomes smaller with increasing C (Table 1). The five- to tenfold difference observed

in the initial yields of the products of nitrating and oxidation on irradiation of n-octane and n-dodecane in con-
tact with aqueous solutions of nitric acid is caused by the variation of the dissociation yield of the latter. The
hydrocarbons dissolved in an aqueous solution react with OH radicals, which reduces the rate of reverse oxi-
dation of nitrous acid to nitric acid andinthis way increases the dissociation yield to an extent which depends on
the hydrocarbon concentration in the aqueous phase. In addition, the hydrocarbon radicals formed in the aque-
ous solution by the reactions .

RH -+ OH — R + H,0;
RH+H-~RLH,

interact with the nitric acid by the reaction

R - HONO, —~RNO, -+ OH

593
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Fig. 4. Coefficient of the distribution of uranium (VI) between aqueous nitrate
solutions and 30 vol.% solutions of TBP in n-alkane, as a function of carbon
atoms in the diluent. Thitial concentration of uranium in the liquid phase ~1

g/liter, Vorg:Vlig = 1:1, concentration of mtrlc aCld in the liquid phase: 3 M
1); 1M @); 0.1 M 3).

Fig. 5. Distribution coefficient of microconcentrations of plutonium (IV) between
30% solution of TBP in n-alkane and 3 M HNOs, as a function of the number of
atoms in the n-alkane,

Fig. 6. Distribution coefficient of nitric acid between a 30% solution of TBP in

n-alkane and the aqueous solutions,-as a function of the number of carbon atoms
in the hydrocarbon chain, Acid concentration in the llquld phase: 0.8 M (a) and
1.7TM ().

and contribute to the total yield of nitrating products.

In the case of n-alkanes, it is worth noting that the transition from Cy,to Cy4_y; makes no significant
difference in the initial yields of the nitrating and oxidation products of these hydrocarbons (see Table 1).
should also be noted that accumulation in the irradiated system of destruction products from hydrocarbons of
high molecular weight causes the rates of formation of oxidation and nitrating products in two-phase systems
containing n-octane and n-dodecane to become comparable for dosages > 10*! eV/ml (>50 Wh/liter).

This behavior is due to the equalization of the rate of decomposition of nitric acid between these systems.

It is seen from the data given for the radiative-chemical stablity that the quantity Cy,_y4 should also be
considered as optimal for hydrocarbon diluents, Difficulties may arise for greater lengths of the hydrocarbon
chain because of worsened removal of the high-molecular-weight products of the hydrocarbon radiolysis when
they are regenerated, o

Any n-alkanes with chain lengths from Cj; to Cy; or a2 mixture of them can be used in this way as a di-
luent for the extractive regeneration of spent fuel elements from nuclear power plants with thermal neutron
reactors. The lengthening of the chain, while reducing the flammability of the diluent, does not affect the dis-
tribution coefficients of the valuable components., & also improves somewhat the radiative-chemical stability
with practically no change in the hydrodynamic properties of the extracting agent and the solubility of the TBP
in the liquid phase, but it worsens (though within allowable limits) the compatibility of the diluent with the sol-
vates of the actinide nitrates, -

Effect of Additives on the Properties of the Diluent

and the Extractive System as a Whole

The possible additives whose presence must be taken into account in order to estimate the properties of
the hydrocarbon diluents are unsaturated compounds, aromatic hydrocarbons, aliphatic aleohols, and acids.
The content of these additives is limited, since they worsen the properties of the extractive system. Aliphatic
aleohols and acids reduce the distribution coefficients because of solvation of the functional groups of the nu-
cleophilic extracting agents [16] (Fig, 8). Carboxylic acids have a similar effect. Branched aliphatic hydro-
carbons and olefins are considerably inferior to hydrocarbons with a straight chain (n-alkanes) with respect
to chemical [17] and radiative [18] resistance to the action of nitric acid, so their presence in aliphatic diluents
is required to be minimal,
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Fig., 7. Maximum concentration of thorium (in nitrate
form) in 30% T BP for which the organic phase ig still
homogeneous, as a function of the number of carbon
atoms in the n-alkane chain.

Fig. 8. Coefficient of the distribution of uranium (VI)
between a 10% solution of TBP in a mixture of dode-
cane—octanol and an aqueous solution of nitric acid, as
a function of the octanol concentration in the diluent,
Initial concentration of U ~10 g/liter; Vopg: Viig = 1: 1.
Concentration of HNOg: 2.9 M (1); 0.23 M (2).

Certain aromatic compounds inhibit the decomposition of the extracting agent and the diluent by the
transfer of energy in one or another way from molecules of the latter to molecules of the aromatic substances.
The addition of 0.1 M monoisopropyldiphenyl to a solution of TBP in n-dodecane reduces by a factor of two
the yield of the formation of acid products of the radiolysis of the extracting agent — DBP and MBP. However,
for large contents of aromatic compounds in the extracting agents, significant unfavorable phenomena are also
observed: a rapid increase in the products of nitrating and an inhibition of the fission fragment elements (zir-
conium) of the organic phase even for small irradiation dosages. From modeling experiments with diluents
containing additions of aromatic nitro compounds, alkylphenols, and radiolysis products of TBP it can be as-
sumed that the cause of the inhibition of zirconium may be the formation of complexes of the type Zrx(DBP)y
(PhOH). Evidently it can therefore be assumed that since the time of contact of the extracting agent with the
HNO; in the apparatus amounts to 10-20 min, the presence of no more than 1% concentrations of aromatic com-
pounds in n-alkane diluents does not cause significant impairment of the extractive characteristics and at the
same time to a certain extent maintains the protective properties of the aromatic, Some simple aromatic
compounds of the alkylbenzol type can be used successfully either as a diluent (e.g., for ternary amines) or
as a polar additive to the aliphatic diluents. In both cases, a higher degree of purification of the plutonium
from the fission fragment elements over a wide range of dosages IS attained compared with systems based on
aliphatic diluents [19].

The effect of the other admixtures is considered using as an illustration the radiative stability of three
samples of the mixture C,,-C;,. The contents of the admixtures of unsaturated compounds and of alcohols were,
respectively, 0.2 and 0,12 in sample 1, 0,02 and 0,12 in sample 2, and 0,004 and 0,012 M in sample 3, Table
2 gives the results of the investigation of the radiative-chemical stability of these samples and also of spec-
trally pure n-dodecane in two-phase systems containing a 2 M solution of nitric acid, The rates of formation

TABLE 2. Radiative-Chemical Stability of
Samples of the Mixture C;,~C;, at a Dose of
30 W -h/liter

G, molecules/100 eV
Diluent Ky ze
RNOz | RONO l BONOz] RCOO-
sample 1 0,98 | 1,57 | 0,43 | 0,27 | 0,5
Sample 2 0,50 0,78 0,08 0,40 0,3
Sample 3 0,20 0,15 0,02 0,05 0,04 .
n-Dodecane| 0,2 0,1 — 0,07 | 0,08
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of nitrating products of the hydrocarbon mixture used increase as.the additive concentration increases. The
content of olefins and alcohols in aliphatic diluents evidently should not exceed the values indicated for sample
3, which approaches that of n-dodecane with respeet to its radiative-chemical stability, :

CONCLUSIONS -

The length of the n-alkane chain which provides a-basis for the diluent can lie within the interval Cy1~Cys.
Within this interval, the ratio of the separate n-alkanes in the diluent can be regulated. It is better, however,
to use the hydrocarbons Cy;-Cy;; their rather high flash point gives them a slight edge over the higher members
of the group in regard to their compatibility withthe extracting solvates of the actinide nitrates and also with

regard to their hydrodynamic characteristics, The content of aliphatic acids and alcohols = 0,01 M; of
unsaturated compounds = 0,005 M; of aromatic hydrocarbons 1 vol.%. These requirements may change in
the future as more investigations are made and a deeper study is made of the factors which affect the behavior
of the diluent in the extractive cycle,
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POSSIBLE CORE DESIGNS FOR THE VG-400 NUCLEAR
‘POWER PLANT
E. V. Komarov, F, V, Laptev,

A. G. Lyubivyi, F. M, Mitenkov,
O. B. Samoilov, and Yu. B. Sukhachevskii

UDC 621,039.524.2,034.3

Research in high-temperature nuclear power is designed to provide high-potential heat for various in-
dustrial purposes, including the large-scale manufacture of hydrogen, which can be used in metallurgy for the
direct reduction of iron, in the chemical industry for the synthesis of hydrocarbon fuels, and also directly in
engines [1, 2]. It is economically desirable to combine the production of high-potential heat with that of elec-
trical energy [3].

Various complicated problems have to be solved in the routine production of such heat from high-
temperature gas-cooled reactors (type VT GR), particularly in the production, transportation, and the use of
heat at very high temperatures, which may involve helium technology, new forms of equipment, and new ma-
terials, An important step in this area is the creation of the VG-400 prototype system, as experience with this
will be used in constructing commercial systems.- SRR - : -

The VG-400 (Fig. 1) is intended to provide high-potential heat for the production of hydrogen, as well as.
for the production of electricity in a steam-turbine cycle. The basic characteristics are as follows

Reacbor power, MW

thermal. 1100
electrical 300
Hydrogen output, normal m?/h 1-10°
Helium pressure, kgf/cm? 50
_Helium temperature, °C
at outlet from reactor 950(750)
_ at inlet to reactor 350 -
Number of loops 4 .
Steam pressure, kgf/cm? 175
Steam temperature, °C 535
Diameter and height of core, m . 6.4and 4
Number of spherical fuel elements 8.5+10°
The mean time for passage of fuel elements :
through core, years 3-4
Standard fuel-element sizes, mm
sphere (diameter) 60
.six-faced prism :
distance between lateral bases 400
height 840

In the reactor unit, the first-loop coolant circulates through four loops, which pass in turn through the
core, the high-temperature heat exchanger, where some of the heat is given up to an intermediate helium loop,
and the steam generator. The high-temperature heat exchanger and the steam generator work in countercurrent
mode, while the steam superheater works in direct-flow,

The system with the coolant working at 950°C involves the development of new heat-resistant materials,
which will delay the construction; therefore, the general scheme, the layout, and the design of the equipment
have been defined for implementation in stages, with approprtate upgrading and operation,’ ’

Translated from Atomnaya Energlya, Vol. 47, No. 2, pp. 79-83, August 1979, Original article submitted
June 20, 1978,
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Fig, 1. General scheme of the VG-400: 1) reactor; 2) high-temperature inter-
mediate exchanger; 3) bypass; 4) steam generator; 5) main blower; 6) feed pump;
7) condenser; 8) generator; 9) turbine;10) thermalizer;11) gas blower; 12) steam
‘séparator; 13) evaporator; 14) intermediate vessel; 15) electrolyzer; 16) separator;
17) compressor; 18) drum separator. '

‘Fig. 2. The VG-400 reactor with spherical fuel elements: 1) pressure vessel;
2) core; 3) heat exchanger; 4) gas blower; 5) steam: generator; 6)- intermediate
steam superhéater;'-'Z) ‘ionization-chamber support; 8) control and safety rod

. effector mechanism; 9) charging holes; 10) graphite reflector; 11) discharge
channel, ' ' '

In the first stage, the system can be operated to produce only electrical power with the coolant at the
exit from.the reactor at 750°C, which is passed directly to the steam generator via bypass devices that replace
the high-temperature heat exchangers. The design of these bypass devices allows the system to be operated

- without the intermediate sections for use with the core at an elevated temperature.

‘It is envisaged that the productipn of hydrogen and other substances will take place in'the second stage
-when -experience has been accumulated with the reactor equipment.
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I

Fig. 3. The VG-400 with prismatic fuel elements: 1)
core; 2 and 3) start-up and working ionization chambers;
4) control and safety rods; 5) pressure vessel; 6) ther-
mocouple.

The reactor unit in the VG-400 has the first loop enclosed in a prestressed reinforced-concrete body.
The core, the high-temperature heat exchanger, the steam generator, and the gas blowers are placed in par-
ticular parts of the body, which are linked by horizontal pipes (Fig. 2). Thermal insulation is also fitted to the
inside of the pressure vessel, The use of a concrete vessel and integrated enclosure of the main equipment
improves the reliability and safety, while also giving means of evaluating future assemblies for the VITGR
high-power reactors. The main circulation pumps are designed to cool the system on total pressure loss and
disconnection of the external electrical supplies.

A solid moderator of interchangeable type is used, which requires the movement of considerable bodies
of graphite in the core. This operation has to be performed in the absence of a common removable cover in
the reinforced-concrete pressure vessel, while the first loop has to remain sealed, which has imposed some
specific design features on the reactor and charging unit,

The reactor is used as a source of high-potential technological heat, so the core must heat the coolant
to 950°C while maintaining the fuel at the minimum temperature. The fuel cycle must be reasonably economical
and the system generally must meet rigid specifications for reliability and repairability, while the fuel should
be exchangeable in a minimum time or while the reactor is running. Also, the main requirements imposed
on the design of the core must be formulated on the basis that the unit will be employed in devices of high unit -
power, These,specifications define the choice of fuel-element units, the schemes for the eoolant distribution,
the mode of energy distribution, and the techniques for fuel recharge.
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Two types of core are currently used in high-temperature gas-cooled reactors: with prismatic and
spherical fuel elements [4]. Both of these have been-considered for the core of the VG-400.

The core may be formed by columns of hexagonal graphite blocks containing holes for the ring fuel
elements (Fig. 3). The height of a block is 840 mm, distance between faces 400 mm. Seven columns of such
blocks form a modular group, which contains a central.column under the control and safety rods, which is
surrounded by six columns containing the fuel blocks, The end reflector and the first lateral reflector are
formed by graphite blocks of analogous dimensions, while the second lateral reflector consists of stationary
blocks of interlocking shape.

The physical parameters of the core are optimized along with the scope for recharging by the use of four
recharge cycles during a single running cycle. In each recharge cycle one quarter of the fuel modules will be
replaced. In that case, fuel blocks differing in age will be present together in the core, and these will differ
in power output, so it is necessary to adjust the coolant flow rate by a regulator installed on each module.

The attainment of very high helium temperatures (950°C) subject to restrictions on the fuel temperature
means that the energy distribution in the core must be appropriate. Four subzones are therefore used in the
block core (two in height and two in radius), which differ in **U content.

A block zone is reloaded by remote control with the reactor shutdownby means of an unloading—reload-
ing machine, which involves the following operation: removal of the control and safety rod mechanisms, in-
stallation of the recharge machine, insertion of the grip into the cavity in the body, adjustment in radius, azi-
muth, and height on the appropriate block, extraction of the latter, transfer of the block to a container, grip-
ping a fresh block, and setting in the appropriate position in the inverse order.

The core may be formed by free packing of spherical elements of diameter 60 mm into the cylindrical
cavity bounded by the lateral and end graphite reflectors (Fig. 2). The fuel elements are loaded along tubes
into the upper part of the core and moved within the core under gravity and are unloaded via an unloading hole
in the lower graphite reflector. The reloading is provided by the unloading-recharge unit with the reactor
working. Power control and emergency shutdown are provided by fitting rods into the spherical core; the first
group of rods lies in channels in the lateral reflector, while the second is inserted directly into the spherical
filling,

The reactor operates on the principle of single passage of the fuel elements through the core, where the
fresh elements in the upper part of the core are in the relatively cold coolant in the area of maximum heat
production, which provides favorable conditions for reducing the fuel temperature. The radial distribution of
the coolant flow is difficult to manage in that case, and this means that the equalization of the radial energy
production is very important, A two-zone distribution of the U enrichment is employed [5]. However, it is
preferable to equalize the energy distribution by controlling the speeds of movement of the fuel elements, which
can be provided by the case of several unloading holes or other design measures [6].

The temperatures required by the prototype system can be provided in zones with spherical or block fuel
elements; a specified helium exit temperature of 950°C can be realized for a given fuel temperature in either
case. However, the precise engineering facilities required may differ substantially. Inthe case of a prismatic
core, the system for controlling the distribution of the coolant over the modules is complicated and of inade-
quate reliability, while the use of four different forms of heat-producing assembly makes for additional diffi-
culties in manufacturing the blocks and operating the equipment. Separate facilities can be used to control the
energy distribution in a spherical core, although there is no doubt that cons iderable volume of experimental
work will be required to provide 2 final definition of the mechanics of the fuel and the gasdynamics within
the core. The thermal features of the core arising from the use of the single-pass principle indicate that there
is still considerable scope for raising the temperature, which is particularly important if such reactors are to
be used in metallurgy and chemistry. i :

The working parameters of the core will be determined to considerable extent by the details of the re-
charging mechanism, which must work reliably. A spherical core has certain advantages here, since this can
be reloaded with the reactor working without any modification to the equipment, while the mechanisms for re-
loading spherical fuel elements are simpler in design and perform only standard operations, and the corre-
sponding control system is simpler than the unloading and charging machine required for a prismatic core,
where the components are of large dimensions and mass and many different operations have to be performed.
There is a major disadvantage of the reloading system for a spherical core arising from the very restricted
access for repair while the reactor is working, but this can be partly overcome by using backup sections for the
major loading and unloading segments.
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In the case of 2 prismatic core, control and safety rod mechanisms of traditional design can be used,
similar to those in the BN-350 reactors, The control and safety absorbing rods then lie in special channels
within the columns. Similar mechanisms can also be used with a spherical core if tubes are fitted to hold the °
control rods. However, the physical characteristics of the reactor are rather adversely affected if the tubes’
are placed within the spherical filling. A new design of control-rod mechanism is therefore required for a.
spherical core, in which the rods can be inserted d‘irectly into the filling,

In both forms of core, the reflector is formed by graphite blocks, which are subject to rigid specifica-
tions for strength and size stability, The working conditions of graphite in a high-temperature reactor are
more severe than those in reactors of other types. The temperatures of the graphite blocks rise to about
1000°C and the blocks are exposedtoa fluence of about 10%% neutrons /cm? during the complete period of opera-
tion. Under these conditions, the graphite blocks are subject to large internal stresses and may alter in shape
considerably., K may be that graphite of existing grades cannot provide continuous operation in the reflector.
In the case of the prismatic core, the inner part of the graphite reflector could be changed by means of a load-
ing and unloading machine. No such machine is envisaged for the spherical core, while there is considerable
complexity in replacing the reflector by means of special service mechanisms, and therefore the most re-

. sistant grades of graphite must be used in the reflector, which must remain in situ throughout the working life
of the reactor. :

An important factor in the choice of core concerns the manufacture and processing of the fuel elements;
the large sizes of the elements in the prismatic case go with very severe working conditions, so careful ex-
perimental evaluation of these elements under reactor conditions is essential, However, it is impossible to
perform full-scale reactor tests on such fuel elements because of the large dimensions, and therefore full

viability confirmation in advance is impossible. In that respect the spherical fuel elements are undoubtedly -
preferable, ' .

A spherical core has - considerable possibilities, particularly with regard to further temperature rise,
and it also has advantages in the creation and processing of fuel elements and the management of the graphite
blocks, since simpler units and mechanisms can be used in reloading and in controlling the energy distribution,
so this form is justified for the VG-400. Particular attention will then have to be given to the development of
radiation-resistant grades of graphite and reliable control-rod mechanisms, :
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-ANALYSIS OF NEUTRON YIELD PRODUCED
BY HIGH-ENERGY PROTON

Y. Nakahara and H, Takahashi

Comparisons have been made between computational results obtained with the BNL
code system and experimental data measured by Vasil'kov et al. for 56 X 56 X 64 cm
natural and depleted uranium blocks surrounded by lead walls and primary proton
energies of 400 and 660 MeV. The energetic protons from a linear accelerator are
used to produce an intensive neutron source in the uraniumblock, The computer code
system prepared at BNL to perform nuclear design analyses of linear accelerator
reactors consists of six main programs: NMTC for spallation-evaporation processes
above 15 MeV, HIST3D for the analysis of collision event records obtained by NMTC

to get Py neutron source distribution, DLC-2 to compile 100 energy group cross sec-
tions, TAPEMAKER for format conversion, ANISN to collapse 100 group cross sec-
tions to fewer group Py cross section sets, and the prmmpal code TWOTRANA-I which
performs neutron reaction and transport calculations in the energy range below 15 MeV,
Our computational method gives conservative total neutron yields, i.e., underestimates
of about 16,8-29,8% in comparison with measured values dependmg on proton energy.
Radiative capture 2*3U(n, v) density distributions have been compared between the cal-
culation and experiment. The calculated distribution has the higher peak in the central
part of the target system and the steeper gradient both in the r and z directions.

1. Introduction

_ Since reprocessing facilities indispensable for the conventional light water reactor to fast breeder re-
actor fuel cycle are now considered to increase the potential risk of nuclear weapons proliferation, evaluations
have been initiated to find alternative nuclear energy systems that are not only more proliferation resistant
but helpful in stretching uranium resources, A linear accelerator reactor (LAR) is one of these systems of
great promise in producing fissile material in conjunction with proliferation-resistant fuel cycles.

_ This reactor uses a high-energy proton-or deuteron beam from a-linear accelerator incident on a Pb—

Bi target to produce an intense neutron source, Thetarget is surrounded by a lattice of Zr-clad rods of
fertile-fissile material which is called the blanket. At the initial loading, uranium with 2% enrichment is used.
The burning scheme depends on the options described below. Three options of design optimization are pre-
sented now [8]: (1) the optimization of the time-integrated production of thermal energy for conversion to
power; (2) the optimization of the production rate of fissile material, without involving reprocessing; (3) the
optimization of the production rate of fissile material.in conjunction with reprocessing. These options cor-

~respond to the linear accelerator-driven reactor, the linear accelerator fuel regenerator, and the linear ac-
celerator fuel producer, respectively.

The idea of using a linear accelerator to produce fissile material dates back to 1940. G, Seaborg and his
group succeeded in producing tiny quantities of 22°Pu from 238U using deuteron beams. The first practical at-
tempts to promote the construction of accelerators to be used to generate intensive neutron sources were pre-

"sented by E, O, Lawrence in the U,S.A, and N. N, Semenov in the USSR in the late 1940s, The MTA pro-
ject at Livermore Radiation Laboratory, promoted by Lawrence, was abandoned in 1952, however, when
high-grade ores were discovered, A Canadian team at Chalk River has always been a strong proponent of
such an electronuclear facility,

Intensive theoretical works on spallation—evaporation reactions in heavy nuclei have been performed in
the U.S.A. and USSR. As early as in 1948, M, L, Goldberger studied the interaction of high-energy neutrons

Brookhaven National Laboratory, Upton, New York 11973, Published in Atomnaya Energiya, Vol. 47,
No. 2, pp. 83-91, August, 1979, Original article submitted December 25, 1978,
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with heavy nuclei by a Monte Carlo method under the assumption that the nucleus might be described by the
statistical model [1]. From late in the 1950s to early in the 1960s, Dostrovsky et al,’ published a series of
papers on the Monte Carlo calculations of spallation—evaporation reactionsusing the statistieal model for
degenerate Fermi gas [2-5]. The production of mesons was taken into account for the first time in the work
of Metropolis et al. [6].

When a high-energy proton, neutron, or pion interacts with a nucleus, several secondary nucleons (neu-
trons, protons) and pions are produced. These secondary particles may have energies sufficiently high to
initiate similar events with other nuclei, which develops to macroscopic cascade. .Practical computer codes
have been developed to follow such cascades in a heavy nucleus using the Monte Carlo method at Oak Ridge
(U.S.A.), Brookhaven (U.S,A.,), and Dubna (USSR), Bertini completed a medium=-energy collision code using the
intranuclear cascade model, which was used to calculate correlated energy-angle nucleon spectra considering
the nucleus as a degenerate Fermi gas of protons and neutrons enclosed in a spherical well [7]. Chen et al,
improved the method of Metropolis et al, by introducing refraction of cascade particles when going through re-
gions of varying potential energy and considering diffuse boundaries [8], Their Monte Carlo code is known by
the name VEGAS. A similar computational method has been developed by Baraschenkov et al, [9]. The methods
of Bertini and Baraschenkov et al. give good agreement with the known experimental data for the energy range
above several tens of megaelectronvolts [10, 11].

Bertini's code was incorporated by Coleman to the NMTC system designed for the analysis of nucleon
meson transport in a massive system [12, 13]. The NMTC code has been updated and used also at BNL and
the other laboratories [14, 15].* NMTC computes the transport of nucleons and mesons up to 3.5 GeV based
on the intranuclear cascade evaporation model [7] which takes into account both elastic and inelastic scattering
and is also based on the 05R model [16] for the particle transport in a three-dimensional heterogeneous mas-
sive system. These processes are computed statistically by the Monte Carlo method.

In the computer code system prepared at BNL to perform nuclear design analyses of LAR's, NMTC is
used to calculate all reactions. down to energy 15 MeV initiated by energetic protons of energy 1 to 1.5 GeV.
In the energy range below 15 MeV only the reactions induced by neutrons are calculated with the two-dimen-
sional neutron transport theory code TWOTRAN-II [17]. The yield of neutrons produced in the spallation—evap-
oration process is given by the NMTC calculation; the contribution of neutron fission reactions below 15 MeV
is calculated by TWOTRAN-II,

Measurements of neutron yields in uranium, lead, tin, and beryllium targéts were carried out at the 3-
GeV cosmotron at Brookhaven [19]. These indicate that for a uranium target the yield is about 40 neutrons/
proton of energy 1 GeV and it is twice that obtained for a lead target.

Preliminary studies of the accelerator breeder concept have been performed at ANL, BNL, LASL, ORNL,
and AECL (Canada). However, few experimental data have been published on neutron yields and neutron flux
distributions for realistic reactor systems consisting of target, blanket, and shielding. Recently, Vasil'kov et
al. published their experimental results on 56 X 56 X 64 cm natural and depleted uranium blocks surrounded by
lead walls for primary proton energies of 300, 400, 500, and 600 MeV [20].

The BNL computer code system for linear accelerator reactors has been applied to these Russian ex- '
perimental facilities in oxrder to estimate the accuracy and tendency of the code system., Comparisons are made
in the present paper of the neutron yields, ***U(n, v) reaction density distributions, and number of fission events
betweenthe measured values obtained by Vasil'kov et al. and our computational results, Discussions are also
given on the differences between ours and Baraschenkov et al.'s computational models.

II, Computational Method

The particle transport analysis part of the BNL computer code system consists of six main programs:
NMTC, HIST3D [21], DLC-2 [22], TAPEMAKER [22], ANISN [23], TWOTRAN-II, and auxiliary programs:
FIND [24], SURF [24], MULTSUM [25]. The overall interrelations of these programs is indicated in Fig. 1.
The NMTC is used to calculate the spallation and evaporation processes above 15 MeV by the Monte Carlo
method. Collision events of neutrons slowed down below 15 MeV are filed by NMTC. The collision events file
is analyzed with HIST 3D to get neutrondistributions which are used as neutron sources for the transport cal-
culations of neutrons in the energy range below 15 MeV. The 100 energy group DLC-2 neutron reaction cross

*Coulter improved the intranuclear code VEGAS and incorporated it into NMTC.
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system for LAR'S,

sections are based on ENDF/B I [26] The program DLC-2 is used to make a file containing cross-section
~ data only for nuclides selected specifically, TAPEMAKER is used to convert the format of DLC-2 data to that
of ANISN, i.e., FIDO format, as usually called. The DLC-2 100 group sets are collapsed to fewer energy
group sets by the one-dimensional neutron transport code ANISN based on the discrete ordinate Sp method.
The final neutron transport calculations are performed with TWOTRAN-II, which is a two-dimensional Sp
method program and can take into consideration anisotropies in neutron source and scattering cross sections.
MULTSUM has been programmed to calculate reaction rate distributions.

" It is important to give a brief description of the nuclear models used in the NMTC and Baraschenkov
et al.'s computatlonal methods paying attention to what are the similarities ‘and differences between the two
methods, .

-As for the nucleon density distribution for nucleons in a nucleus the same three-region cmftguratlon
fitted to Hofstadter's curve is used in both methods [7, 27]. The outer radius of each region is chosen by solv-
ing for r in the express ion :

o =ap(0), i=1, 2,'3,' O

wherea = 0.9, oy = 0.2, and a3 = 0,01, The dens1ty in-each. reglon is set equal to the average value of the con-
tinuous distribution in that reglon.

Protons and neutrons are assumed to have a zero-temperature Fermi momentum distribution in each
region. The momentum distribution function f(p) has the form

FE)=pp ), v @)

where py is the momentum of a nucleon corresponding to the Fermi energy. Depending on the particle density,
the Fermi energy differs for each type of nucleon in each reglon. The composite momentum distribution for the
entire nucleus is not a zero-temperature Fermi distribution,” This assumption is employed in both metheods.

The emission of partiéles from excited compound nucleus is treated with the statistical model due to
Weisskopf. The detailed formulation was given by LeCouteur [28]. In the statistical model the level density
of the residual nucleus at excitation energy E is given by the formula

© (E)=weexp (2 Va(E—0)), ' 3)
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where a and w, are constants for a given nucleus and ) is the pairing energy. The value of w, is not important,
since w, Is considered to be a slowly varying function of mass and charge number and only ratios are used in
the calculation. The quantity ¢ has a significant effect on the final results. According to LeCouteur, it is
given by ) o

— 2 2
a=AIB[14Y (A¥42)), @
where A = mass number, A=A —2Z, Z = charge number, Y ~ 1.5, and B ~ 8 MeV, The pairing energies 0 have
been tabulated by Cameron [29]. . : S

A Monte Carlo method program based on the LeCouteur formulation and a Monte Carlo scheme due to
Dostrovsky et al. [3-5] was made by Dresner for calculating the evaporation of particles from excited com-
pound nuclei [30]. The EVAP program of Dresner has been revised and updated by Guthrie [31, 32], In the
updated version nuclear mass excesses and binding energies are replaced with Mattauch et al.'s tabulation
based on an atomic mass unit of 1/12 of '*C.  For nuclei not tabulated by Mattauch et al. but having a mass
number within +10 of the stability valley of the periodic table, mass excesses are calculated us ing the semi-
empirical mass formula of Cameron, which uses a set of "shell-plus-pairing" energy corrections, For these
corrections for nuclides with Z or N less than 11 the values obtained by Peelle and Aebersold are used [33].°
- The updated version EVAP-4 has been incorporated in NMTC with the subroutine name DRES [14].

In the calculations of Baraschenkov et al, very simplified approximation is used for the level density
parameter a, At first a constant value ¢ = 0,05 MeV~! was recommended [34]. In their later studies of the

- effects of @ on the neutron yields for lead and uranium targets, it has been found that @ = A /10 MeV-! gives the

best fit to the measured values obtained with the cosmotron at BNL and the computed neutron yields are re-

duced by 10 to 20% from those obtained with @ = 0.05 MeV-! [35].

There are some differences also in the treatments of pions 7+ and 7° in the intranuclear cascade calcu-
lation in NMTC and Baraschenkov et al.'s method [13, 34]. The neutral pion is very unstable and for practical
purposes is assumed to decay into two protons at its point of creation. As for charged pions, the j-decay of
7% is not considered in the Baraschenkov method. Pdsitively charged pions which come to rest as a result of
ionization loss are not considered anymore. In NMTC, however, they are assumed to decay immediately into
~ a positively charged muon and neutrino, Muon decay in flight is taken into account using the known muon life-
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time, and muons which come to rest are assumed to decay nnmedlately. Negatlvely charged pions whlch come
to rest may either decay or be captured by a nucleus, depending on-the material atom density. In NMTC an op-
tion is provided as to the treatment of 7~, If decay is specified, all 7~ mesons reaching the cutoff energy are
assumed to decay immediately into negatlvely charged muon and: neutrmo. If capture is specified, they are
formed to undergo nuclear capture. Baraschenkov uses the capture specification only. In both methods the
energy and angular dlstrlbutlon of the particles produced as a result of capture is obtained with the cascade-
evaporation model, ’

The cutoff energies for proton and neutron.transport in NMTC are input values. The cutoff energy for
neutrons corresponds to the energy at which a transition is-made from the treatment of nonelastic collisions
by the internuclear-cascade evaporation model to that by the evaporation model. The most appropriate value
of this cutoff is not certain, but the work of Alsmiller and Hermann glves the value ~ 15 MeV [36]. Incidentally,
the uppermost value of the neutron energy in ENDE/B is 15 MeV, The cutoff energy is usually taken to be 15
MeV, below which the behavior of neutrons is analyzed by the neutron transport theory, Baraschenkov et al,
take the cutoff energy of 10,5 MeV because they usé the multigroup neutron cross section sets ‘due to Abagian
et al, [37] in the analysis of neutron transport in the energy range below the cutoff, It is not clear, however,
if the cutoff energy of 10 5 MeV is not appropriate in comparison with 15 MeV and if it will result in s1gmflcant
ef.fects or not.

About the computatlonal method of neutron transport below the cutoff energy, no definite descrxptlon is
found in Baraschenkov et al.'s papers. In our computational method, as written in the beginning of this paper,
the two-dimens ional discrete ordinate Sy method is used w1th a P; neutron source and P; scattermg Cross sec-
tions,

The major dlfferences m the computatlonal methods. mentioned above are summarized in Table 1,

III. Computational Results and Comparison w1th Experiments

The computer code system lllustrated in Fig. 1 has been applied to Russian experimental facilities used
by Vasil'kov et al. [20] in order to estimate the accuracy and tendency of the code system by making a com-
parison between experiments and our calculatlons and those of Baraschenkov et al, The reactor model em-.
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TABLE 1, Differences -bétwee_n Our Computational Methods and Baraschenkov et al.

Methods o ' ~ Ours - Baraschenkov et al
Level density pgrameter .| LeCouteur formulation ' Constant values 0,05 MeV-1
in the statistical model with Cameron,and | or A/10 MeV-!
. Mattauch et al. T :
) ) . tabulation ‘
" Decay of pions =~ oty | Not consideredr capture
7~ pu= + v or : .
. ) | capture
- Cutoff energy for the 15 MeV , 10.5 MeV -
cascade-evaporation .
calculation .
Neutron cross section data | ENDF/B-IIT : ) Abagi}m et al. multigroup
below cutoff - ) set’
Neutron transport below Two-dimensional Sn Monte Carlo method ?
cutoff - o method with Py source '
’ o : and P; scattering )
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TABLE 2. 30 Energy Group: Structure:

‘Group Energy range
1 15.000-12:214 MeV
2 7 12,214-10.000 MeV:
3 10.000-8.1873 MeV
4 8.1873-6.7032 MeV .
5 6.7032-5.4881.MeV- -
6 5.4881-2.4660.MeV"
7 2,4660-1,1080 MeV -
-8 _ 1,1080-0.49787 MeV
9 . 497.87-223.71 keV
10 223,71-111.09 keV ~
11 111.09-52.475 keV
12 52.475-24.788 keV "
13 | 24.788-11.709 keV .
14 11.709-7.1017 keV~
15 - 7.1017-4.3074 keV
16  4.3074-2,6126 keV
17 " 2,6126-1.5846 keV -
18 - 1.5846-0,96112 keV -
19 . 961.12-582.95 eV
.20 - 582,95-353,57 eV:
21  353.57-214.45 eV -
22 214.45-130.07 eV
23 130.07-78.893 eV .
24 ' 78.893-47.851 eV
25 47.851-29.023 eV .
26 29.023-10.677 €V
R 4 10.677-3.9279 eV- "
28 | 3.9279-1,4450eV. -
.29 1.4450-0.41399 eV .
30 0.41399-0. 0’ eV

ployed by Baraschenkov et al. lS not the same as ours, so that the comparlson between the two computational
methods is not exact quantitatively. ‘

In the experiments by Vasil'kov et al ‘use was made of a target assembled from rectangular blocks of
patural (2 X 4 x 8 cm) and depleted (8 X 8 X 16 cm) uranium. The total linear dimension of the target was 56 X
56 X 64 em covered with a lead layer havmg a thlckness of 10 or 20 cm, as shown in Fig, 2.

The proton beam was injected Lnto the central part of the target through the beam hole of cross section
8 X 8 cm and depth 16 cm from the front surface of the uranium block. The dlameter of the proton beam at the
entrance into the target was 4 to 5 cm, :

Experunents were carrled out with the extracted beam of protons having energy 660 MeV. For the ex-
periments at proton energies 300, 400, and 500 MeV the mltlal 660-MeV protons were slowed down in a poly-
ethylene attenuator. :

In the diagonal plane of the target, passing through the axis of the proton beam, a system of channels
was made for the arrangement of detectors. The channels were arranged in parallel withthe proton beam and
located at a distance 6 to 45 cm from the axis approx:.mately at each 3 cm. The dimension of a channel was
60 cm in length and 2 X 0.3 cm in cross section.

When the proton beam 1s, absorbed in 2 uranium target, there is generated a source of fast neutrons with’

energy 1 to 100 MeV (superposition of cascade-evaporation and fission), which, being scattered by uranium
‘nuclei, slow down to the energy range where the radiative capture of neutrons occurs,

8y (n, 7) — a0y B zssz B awpy,

“During the:glowing "doivn;azneutronsware multlplled further in consequence of the fission of uranium nuclei,
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TABLE 3, Differences between Our Computational Models a_nd Baraschenkov et al (TWOTRAN calculation)

_ Ours

Baraschenkov et, a1.>

Geometry
Proton source

Cutoff energy and number of
groups - - :

Transport theory

Cylinder of radius = 31.595.cm,
axial length = 64 cm, .
with lead wall of width 10 cm

Plane source of radius = 2.5 cm
atz =16 cm
(endof beam hole)

15 MeV
30

Sg with P; source.

Py scattering

Cylinder of radius = 60 cm,
axial length = 90 cm,
without lead wall

Point source at z = 26 ecm
(no beam hole)

10.5 MeV
25 :

Monte Carlo method ?,
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019

TABLE 4. Analysis of Russian Experiments by the BNL Code System for LAR*

~ Target Ep F. L N Neutron yield
Nat; U 660 0.8502 0.2733  124.28 + 3,28 - | 38.28 £ 5.17 (46 + 4)
+ U-238 660 0.5934 0.2172  [21.46 + 3.19 | 29.53 % 4.39
Depl. U " 660 S ' 33.55 + 4.98 (38 + 4)
Nat, U 400 | 0.8043 0.2769 - [10.15 £3.19  |'15.51 4 4.87 (22.1 + 2.4)
Pb—Nat. U 660 +0.6754 0.2846 . 20,32 + 2,91 | 28.26 + 4,05
660 0. 48‘13 0.2350 * [19.68 + 2.40 | 24.54 +3.00.

pb—U-zss

*E = proton beain energy (MeV) F= ﬁssxon fractlon normahzed to one source neutron STy
which is produced by the spallation and evaporation reaction in the energy range above
15 MeV. L = net leakage fraction from the system. N = average number of neutrons per
one primary protoii produced by spallation—evaporation reactions in the energy range
above 15 MeV. Neutron yield = (1 + F = L)N; Values in parentheses are the results of

Russian experiments.
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TABLE 5. Number of Fission Events in Natural U Target (fissions /proton)*

BNL (calculated) Russian experiment [20]
Diotal 1643 +2.22  |18.5 # 1.7 (18.7 + 1.2)
Ngss . © 3.38 +0.46 3.9+ 0.4 (1.5 + 0.1)
. 'nm 13.05 + 1.76 '146i13(122i11)

*Proton energy = 660 MeV. Values-in parentheses are for depleted uramum

The density distribution of (n,y) capture was measured by 23°Np distinguished radiochemically from the
uranium sample irradiated at various points in the target. Measuring the density distribution A(z, r, g) of the
(n, ) capture in the volume of the target and integrating this distribution, Vasil'kov et al. obtalned the total

number of captures (*33Pu yields) per energetic proton (20]:

v=p{vA(, 1, 0)av o o (5)

(Vasil'kov et al.'s definition of neutron yield), where z is the dlrecflon of proton. beam r, 6 are cylindric-
al coordinates, .and p is the density of metalhc uranium. Equation (5) is the definition of neutron yleld per
energetic proton,

The neutron yield in our calculations is defined as follows:

Y={+(F-LYN, ’ - @)

where N is the average number of neutrons per primary proton produced by spallation—evaporation—fission
reactions in the energy range above 15 MeV, F — L is the contribution from neutron reactions in the energy
range below 15 MeV per source neutron created by reactions above 15 MeV, F is the fission fraction below 15
MeV and L is net leakage from the system of neutrons below 15 MeV, On the other hand, its definition in the
calculations of Baraschenkov et al, is given by, . ‘

Y =N N Ve, , o )

where Nc and Nc give the internal escape defined as the number of radlatlve captures of neutrons by #*°U and
238y, Nege being the number of neutrons which escape from the block through its sides and end faces [33].

The definitions given by Egs. (5) and (6) are consistent in that the neutron leakage fraction is not included
iny, : ) '

In our calculations the rectangular target was replaced by a volume-equivalent cylinder of metallic nat-
t ral uranium with a radius of 31.595 cm and axial length of 64 cm, as shown in Fig. 3. The radius of a beam -
guide hole is 4.5135 cm. The proton beam radius was taken to be 2.5 cm. The atomic number densities of
235y, 238y, and Pb, in units of 1024 /cm3, are 0.00035148, 0.0478546, and 0.033000, respectively.

The procedure of our calculations is as follows. 'In the NMTC calculation, the average was taken over
10 batches of 25 protons each. Since the sampling number is small, the statistical error is somewhat large.
The necessary number of samplings is not well defined.

The P; neutron-source distribution was prepared for the TWOTRAN-II calculation using HIST3D. As for
the anisotropy of neutron scattering, the Py approximation was employed, and 30 group cross sections sets were
prepared using ANISN. The 30 energy group structure is shown in Table-2. Inthe TWOTRAN—II calculations
the Sy approximation was used, Since the S;—P;=P;—30 group calculations by TWOTRAN are very expensive,
the sufficiency of the degree of Sy, approximation has not been examined. These computational models are sum-
marized in Table 3 with those of Baraschenkov et al. [34]. The targetinthe calculation by Baraschenkov et al. is not
the same as ours. Itisacylinder witha radius of 60 cm and axial length of 90 cm without alead wall. The proton
source was assumed to be an isotropic point source at z = 26 cm from the front surface, and no beam hole
is considered.
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~ Since the entire calculation is very expensive, the calculations have been performed only for proton en-
ergies of 660 and 400 MeV, Neutron yields are summarized in Table 4 and are compared in Fig, 4 with the
experimental values of Vasil'kov et al, [20] and the calculational results of Baraschenkov et al. [34]. As is
clear from Fig. 4, our model gives conservative results in comparison with experiment, i.e., underestimates
of about 16.8 to 29.8% in average values depending on proton energies. If we recalculate the neutron yield in
the definition of Vasil'kov, we get the value Y = 38,14 3,81, which is smaller by 0.4% than that in our definition,
This justifies the use of our definition in design calculations.

Vasil'kov et al. performed experiments also on depleted uranium targets. For the sake of comparison,
calculations were performed also for the pure 233U target, results. for which are also shown in Table 4, Al-
though the degree of depletedness is not written in Vasil'kov et al.'s paper, if we estimate it as 0.33% (number
density percentage of 23%U) from the data of °°U fission events summarized in Table 5, the neutron yield for
this depleted uranium can be estimated to be 33.55 * 4.98, which should be compared with the experimental

valie 38 4. From the values of neutron yields for natural U, depleted U, and *®U in the case of Ep = 660 MeV, it

is seen that the neutron yield decreases linearly in depletedness,

For a proton energy of 660 MeV, Vasil'kov et al, also measured the degree of decrease in neutron yield,
replacing the uranium in the central part of the target with a lead block of the dimension 8 x 8 x 48 cm [20],

- The measured ratio of neutron yields for lead—uranium and uranium target was 0.48 + 0.2, while our calculation -

gives a somewhat larger value, 0.738. The reason for this relatlvely large discrepancy is not yet clear, One
of the reasons which can be considered is that the beam size inthe experiment mightbe smaller than that in the

calculation and the beam intensity may have a Gaussian distribution rather than the uniform distribution used -
in the calculation,

A comparison between Baraschenkov et al.'s calculations and Vasil'kov et al.'s experiments is also made
in Vasil'kov et al.'s paper, but it is difficult to conclude that Baraschenkov et al,'s method gives an overes-
timate of neutron yield, because the target system is different.

If we neglect neutron leakage in our definition of the neutron yield, considering both our reactor system
and Baraschenkov's to be effectively infinite, the comparison between the two computational methods becomes
that shown in Fig. 5. The modified line for Baraschenkov's method is obtained by reducing the original value
by 10%, which corresponds to the difference in the level density parameters of @ = 0.05 MeV-!and a = A/10
MeV~!, as was mentioned in Section II. The discrepancy in-the neutron yields is still large. Although the term
L in our definition is neglected, there are leaked neutrons in the energy range above 15 MeV. This high-energy
neutron leakage is one of the reasons for the discrepancy.

Numbers of fission events per proton, summarized in Table 5, have been obtained by integrating the den-
sity distribution of fission events, The fission density distribution was measured with a miniature silicon sur-
face-barrier counter covered by a uranium layer. Contributions of 2*°U and 233U were distinguished by using
layers of different isotopic compositions [20]. The agreement between experiment and our calculations is quite
good, :

In Fig. 6 distributions of radiative capture density for **U are compared between our calculations and
Vasil'kov et al.'s experiments [20]. The unit of distribution is the number of ?**Np nuclei per gram of uranium
and per incident proton. In the central region of the target system the calculated distribution has the higher
peak and steeper gradient both in the r and z directions., The agreement between calculated and measured val-
ues is quite good for curves 3 and 4, Figure 6 is, however, somewhat disconcerting, The calculated distribu-
tion is larger than the measured one, while the neutron yield obtained by integrating the distribution is smaller
in the calculation, This can be interpreted as follows. The decay in the r direction is steeper in the calculated
distribution than in the measured one. Since the outer region has a larger volume, the volume integral of the
distribution gives the larger experimental value for the neutron yield.

What causes disagreement between theory and experiment depends on the many assumptions and approxi-
mations used in the theory and experiment. Theory is based on assumptions of nuclear structure, nuclear re-
actions, and their measured data. Computation brings in further approximations. When we use the code system
available currently, one way of improving the calculations is to use higher-order approximations in the Sp and
Pp treatments. In LAR, the external neutron source distribution is also important in the analysis of reactor
characteristics by TWOTRAN-II, If in NMTC calculation a sufficiently large sampling number is used, the
statistical fluctuations in the source distribution decreases. This would result in a better agreement of flux
distribution between computation and experiment. Estimating the effects of the order of Sp and Pp will require
tedious and costly computations.
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From the comparisons presented above, it may be said that the Sg—P3;—P3;—30 group approxunatlon is

quite good. When much more experimental data are accumulated, more conclusive discussi ions will be possible. -
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CALCULATION OF THE PRESSURE CHANGE CAUSED BY
SATURATED STEAM ENTERING A VESSEL o
A. K. Zvonarev, V. N, Maldanlk C . ' UDC 621,1,013.1

. A, P, Proshutinskii, A, G. Tolmachev,
and V, K. Shanin :

Our previous results [1] were concerned with the nonstatlonary ﬂow of water from a pressurlzed vessel
into a sealed vessel of volume 3.4 m containing ceramic rings. -

Calculations have been performed {2-6] on the parameters in the passage of saturated steam into a sealed

vessel; however, the method used there is not applicable to the pressure variation occurring in a vessel with
packing that causes additional condensation,

Here we present a method of calculatmg the pressure in such a drum on the bas is of the uneven heating
of the packing; the curves for the _ring temperatures (Fig. A1) imply that the layers in the packing are heated
- sequentially, i.e., the air is displaced by the steam —air mixture, It is also found that the temperature dlS—
tribution is almost uniform over the cross sectlon of the packmg.

The experiments indicate that the following process occurs: the steam entering the lower part of the
vessel V, is instantly and uniformly mixed with the air (Flg. 2) Then the steam—air mixture passes into the
ring packmg, where the steam condenses. .

The followxng assumptions were made in the mathematlcal descriptlon

1) The parameters of the steam in the drum correspond to the state of saturatlon at the approprlate par
t1a1 pressure; - .

2) the heatlng of the’ packmg is regular (th1s is adequately conflrmed by temperature measurements);

3) the pressure and density of the steam—air mixture are to be determined from the total of the partial
pressures of the steam and air; :

4) the temperature of the air in the steam air mx.xture is equal ‘to the temperature of the steam at the
correspondmg partial pressure. : :

Then the balance equatlons for the vapor and air take the follow ing form

aM; dMyy_ aM - ' o '
_dv_G , drl_ d'l:w"- . 1
' My=omi a . @)
Ma—Pa‘Qms L ‘ . ' 3
M1a=Pa(V—'Vsm) N | | @

where Gy is the flow of the saturated vapor into the drum; dM;y /dT and dM,y/dr, rates of condensation of the
steam on the walls of the drum and in the packing; My, amountof vapor in the drum at time 7; Vgmy, volume of
the steam—air mixture at time 7; V, drum volume; Ma, mass . of air in volume V; My mass of air in the rest
of the drum; pga, density of the air in that volume; and pv and Pg, partlal densities of the vapor and air in the
steam—air mixture. v :

The condensation rate dMiV/d'r for the walls of the drum is given by

. Translated from Atomnaya ﬁnerglya, Vol, 47, No. 2, pp, 91~ 94, August, 1979. Orlglnal article submitted
June 5 1978,

o . ;
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ramic rings as functions of time: 1-4 _ scheme for pres-
are the numbers of the layers reckoned sure change in
from the bottom, . : v drum.
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Fig. 3. Pressure varlatlon in drum for Dy = 15 mm,
P, =12 MPa, and T = 300°C, Upper position of pipe:
solid line) fromexperiment, broken line) calculation
for k, = 400 W /m? - degC, dot—dashline) calculation for
k, = 200 W/m? -deg C, and —+s —line) calculatlon for
k, = 100 W/m2 -deg C.
aMyy _ kil (Ts—Ty) l ’
dt r ’ ) (5)

where k; is the heat-transfer coefficient for the walls; Fy, area of the wall in volume V; -’f‘s, saturation tem-
perature corresponding to the partial pressure of the vapor; r, latent heat of evaporation; and Tl, temperature
of theinner surface of the drum wall, :

This system of equations does not incorporate the change in partial pressure of the steam precisely; the
heat-transfer coefficients were also taken as constant, i.e., independent of the partial pressure of steam, which
is not correct. However, the experimental data are scanty, so these features were neglected.

There are also other factors such as poor contact between the insulation and the walls of the drum and
swelling in the insulating material that influence k;, so the value was determined by comparing the observed
and calculated pressure changes. The best agreement was obtained with k; = 200 W/m?". deg C, but inexact
determination of k; has only slight effects on the results.
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Fig. 4. Pressure change in a vessel: Dy 10 mm, Py=12 MPa, T, = 300°C, Upper
position of pipe: solid line) fromexperiment, broken hne)calculatlon for k, = 400 W /m? -
deg C, dot—dash line) calculation for k, = 200 W/m 'degC ‘and —s< — line) calculation for
K, = 100 W/m? - deg C.

Fig.5. Pressure change in vessel: Dy 6 mm, Py=12 MPa, T0 300°C. Upper posi--
tion of pipe: solidline) from experiment, broken line) calculationfor k,= 400 W /m? - degC,
dot—dash line) calculationfor k, = 200 W /m? - degC and ~—e¢— line) calculation for k, = 100
W/m?-degC.

The temperature T; was determined by solvmg the one- -dimens 1ona1 nonstationary thermal conduction
equation subject to the boundary conditions 7\st(‘5Tst /ox) = ki( Tg—Ty) at the inner boundary and Agt(0Tgt/0x) =
0 at the outer one. Here we neglect the heat accumulated in the msulatlon, because the thickness of the latter
was small by comparison wnth the thickness of the drum wall.

The rate of condensatlon on the rings dM,y/dT may be defined from the dlsplacement of the mixture
through the packing (Fig, 2). At a time £, a volume element AV(£ ) begins to be heated, and at the time 7 the
temperature rise is T,(§, 7)— Ty, where T,(£, 7) is the temperature of the layer materlal at time 7 for which
‘heating started at time £, and T, is the 1n1t1a1 temperature

The mass of steam condensed on the packing up to time T is

sm(‘) _ ’ o o .
M= [P (T2 &, ’.'r)——‘T,j)’dV ®) : (6)

or on the basis that dV(¢) = dVgm (§) /d T)dE,
Mag= -t | 280 @) (7, 6, O —T0) % | | @

0
where ¢, is the specific heat of the packmg matenal and m2 is the mass of packmg per unit free volume,

D1£ferentlatlon of (7) glves

: . o
dMyy _ _cymy S omi ¢y ar, (E, r) dt. (®

dt r

The rate of temperature change in a layer of packmg in the regular state is given by

dr, (E, v

e (7. ~Ti ) O

616

Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020002-3




Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020002-3

where F, is the surface area of the packmg per unit volume (7] and k, is the heat-transfer coefficient for the
rings.

We substitute (9) into (8) to get

Moy Gl (AT, —4;), (10

where‘ Ay and A, are intermediate integrals dependent on the upper limit 7,

The differential equations for A, and A, are

The following are expressions for the derivatives appearing in (13)-(15):

i . dpa Pa

dea 1 . dea Pa
dPy RT, ' dT,. RT: '
dfs _ T, dpa _ 1
Py oy ' 4P  RI,*

dA dVsm’ : .
Pl K 7 o S an
| | @At T S . (12,
. We dlf:ferentlate (2) (4) on the basis that My and M;, do not vary to get
' dMy. dVam
dby_ “dt oty T (13
a va %y - ' ‘
‘ sm 7R,
doy dPy dby 4Ty dBy_
d%m _ aP, v ' 4T, aP, dt _
dVem __ Ma dpa _dﬂl dFa .
dv —_p_a_ﬁ_( dt ,+ dt ) (15

where dpy /dP = 0,54+ 10'5 secz/ m2 is v1rtually constant over the pressure range involved,

. System (1), (5), (10)-(15) in the unknowns Py, Pa, Vsms Ay, Ay, My, My and My was solved by a fourth—
order Runge—Kutta technique with automatic step size choice subject to the following initial conditions at 7 =
0: PV Mv MV1 = Mv2 Ai = A2 =03 Pa = 0,1 MPa; Vsm = VO’

Calculations were performed for an initial water temperature of 300°C in the source and pipe diameters
of 6, 10, and 15 mm; Figs. 3-5 give the values for P(7) and the measured values, To get the best agreement
between theory and experiment requires some adjustment of the heat-transfer coefficients ineachcase, partic-
ularly when allowance is made for the delay, which is not reflected in the calculations, which were based on
the assumption of regular heating and steam entering the drum and mixing instantly with the air. For ex-
ample, for Dy 6 (Fig. 5) we get agreement for k, = 100 W /m? +deg C, while for Dy =15 the same applies for
k, = 400 W /m?* - deg C, the reason being that the steam flow rate and partial pressure increase with the diameter
of the pipe, and therefore so does the heat-transfer coefficient. . These values of k, agree with the observed
T,(7) curves (Fig. 1), while special experiments are required to determine k, more precisely.
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METHOD OF CALCULATING THE FUNCTIONALS OF CROSS
- SECTIONS IN THE REGION OF FORBIDDEN RESONANCES

V. N. Koshcheev and V. V., Sinitsa C 7 UDC 539.125,5.173.162.3

In the course of preparing constants for neutron-physical calculation of reactors and radiation shielding
it is necessary to obtain various functionals of cross sections (self-shielding factors [1], transmission func-
tions [2], etc.) under the conditions of inadequate information about the resonance structure. In these cases
we usually employ the laws of statistical distributions of resonance parameters known from the theory of
resonance reactions. Integrat_?ion over the distributions requires a considerable expenditure of computer time;
this stimulates the search for effective methods of estimating the expectation values of the functionals, In the
simplest case (average cross sections) the computational difficulties are succe ssfully overcome with general-
ized Gaussian quadrature formulas [3-5]. '

In the present paper we propose a computational scheme for estimating the expectation values of func-
tionals of a more complex form. This scheme is based on the introduction of intermediate quantities (the
moments of the cross sections) and in order to calculate them we determine the optimal parameters of the
quadrature formulas of the highest algebraic degree of accuracy, i.e., optimal in relation to the cons idered
form of the functions being integrated, The orientation of the parameters to a particular form of functional
permits a substantial reduction of the number of integration points-and, therefore, of the time required for es-
timating its mean statistical value. o ‘ :

. ‘Computational Scheme, The functionals of cross sections used in calculating group constants are written
~in the form of integrals: o

F.(s)=(0.F (6, s}, O0Ls<T 0. o
Here o and ox are the total and partial cross sections and (...) is the averaging with respect to energy in the
given energy range, which (we-shall assume) contains a large number of resonances, The function F(g, s) de-
termines the form of the dependence of the functional on the set of parameters. . For example, F (0; 0o, 1) =
1/(c + o)™ - is the dependence of the moment entering into the blocked cross section on the dilution:cross sec-
tion oy, 0 is the order of the moment, and F (0;t) = exp (— %) is the dependence of the transmission function
on the target thickness t. ) :

We rewrite integral (1) as

'F:x (S)= s‘ s GxF(Ul s)p(o,-ﬁx)do/dox==i’F(o, s)aro)dcr ) 3 . (2)

where p(0, 0y) is the density of the probability of occurrence of the cross sections ¢ and ox, and 6,5 (o) = gox .
plo, ox)dox is the partial cross section averaged over its distributic_)n with a fixed value of the total cross sec-
tion 0. The strong correlation of the partial cross sections, considered as a function of the energy, allows

us to construct quadrature formulas for calculating the integrals (2) with points oj, which do not depend on the
cross section type X:

N
Fi(s)= _Zi a,0.4F (01, s). @)

We shall assume that cross sections due to various systems of levels of compound nuclei and character-
ized by particular spin and parity values have independent distributions. Then the parameters of Eq, (3) are

' i i (V) 5¥)and o as follows:
expressed in terms of the partial parameters a;*"’, 0y;, and oy "’ as lollows: A

Translated from Atomnaya ﬁnergiya, Vol, 47, No. 2, pp. 94-97, August, 1979, Original article submitted
April 24, 1978; revision submitted December 12, 1978,
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. . :
TABLE 1, Parameters of Quadrature Formulas

No. of de- |OPtimiza- | yajuesof - | Values of
grees of  [UON PAIAM=| yopopre g; | nodes x; -
. freedom, u eters : 18 ‘ A .
1 N—6 0,0128158 9,178614
L —7 1 .0,2332768 - 2,783797
b=0,0316 0,4187374 T 0,515245
0,1841195 0,084986
0.0884417 0.016758
0,0626087" 0,001457
2 N=3 0,1971605 2,962740°
' L=-—-3 0,5973445 0,670028
b=10,219 0,2054950 0,076045
3 N=3 0,1927823 2,9595186
L=—-3 0,6148377 0,770199
b=0,316 0,1923800 © 0,135941 -
4 N=2 0,3739952 1,914831
' Le=—1 . 0,6260048 . 0,453451
5 N=2 0,3854720 1,798554
L= —1 .0,6145280 0, 499095
b=0,422 ' o
ai=[]a"; oy ?0&?; 0i=10m. o . (4)
2 o . : :

The latter can be found from a system of equations of the forni '

(00" =3 aMalPoi"™, né—~0,_' +1, . (5)

by the method described in [6].

In 'the region of forbidden resonances the left-hand sides of Egs. (5) cannot be calculated exactly. It is

" natural to replace them with the expectation values obtained by averaging over the distribution p(I) of the

resonance paramete_rs I_I; .Omitting the sup‘erscript v, we get
(@0 Ej (o (1) 0" (L) p (I1) dI1. )

Fluctuation Factors for Moments of Cross Sections. We define the fluctuational factor C for the moments

(0,0 =C (0, () o™ (IT)). o | S (/X

The second factor can be calculated from the exact formula obtainéd with any formalism, for identical equi-

- distant resonances with account for the effects of interlevel interference and Doppler broadeéning [7]. Since the
factor C is the ratio of the close functionals of the cross sections

. approximation of the one-level Breit—Wigner formula for zero temperature. In this approximation for the

» it is reasonable to estimate it in the simpler

moments of the cross sections entering into the fluctuation factor C, we get

n
: OO
(0,0™) = mn! ’;’_)' D) A {T (T, /)1,
k=0 : - )
. n .k ) (8)
P aW  Om ' op (T /T)2h—2i*1 .
(0,/0") = m2 Dortl 22 Bl,,{{l“x [(tg¥ @+ Tp/T) (1 —Tp/ D) i+i72 f +
)

b= =0

where T'and I'y are the total and partial widths, respectively; I'y» neutron width; D, mean distance between
neighboring resonances; and the coefficients Ak and Bj k depend only on the scattering phase ¢:

E(h/2)
A, = 1 z 2k —2i —1)!!
R T p—y il (k—20)l 271

=) ] 9)
X (1-tg2 )2 (1g2 gk |
,  (2k—1)N i (Qn—éi—i)!! n-hi1/2,
Biw=—r 2" @y (t8*0) ’ -
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mulz;!,% ‘
& 1 0,370

16,316
0,262

001 T - T b

Fig. 1. Dependence of maximum error of ap-
proximation of fluctuational factor (1+a)-
&/(x+a)] onvalues ofoptimization param-
eters'b.and L, for p=1 and -N =6

here, om = 41r)\2g is the theoretical maximum cross section and op - omsin @ is the potential scattering cross
section.,

~Formu1as (8) and (9) are easily generalized to the case of cre‘ss-sectionmomeﬁts of the form (o, (c +
o)™, n =0, £1,... : - -

Parameters of the Quadrature Formulas, - Let us consider the expressions in braces in Eqs. (8). These
expressions contain the independent random variables I'y-and should be integrated over their distributions.
Note that the fluctuation factor of the expressions under consideration for a separate random variable is of the
form - - -

Cla, B)=[(1+a) (1-+B)™*
v  zhp(z) -
XS [T e+ P dz;
- z=T T,. -

(10)

For positive momentsa = 8, m = 2k, k=1, 2,...,n+1, Whereas for negative moments m = 2i+13i=0,1,.,.,
n;k=1,2,...,2n+ 1, The parameters @ and B depend on the random variables which do not coincide with the
one separated. Since-the form of Eq. (10) is invariant with respect to the choice of random variable, it is ex-
_pedient to.choose the parameteérs of the quadrature formulas for calculating the statistical integrals by the

. condition of a-given accuracy of approximation of the fluctuation factors (10) as functions of the parameters

@ and B.. The maximum error of the approximation of the fluctuation factors chosen in this way is the upper
bound for the error of integration. We.use the scheme of [8] to determine the parameters of the quadrature
formulas of a higher algebraic degree of accuracy. .Let us write the moments of distribution of the random

variable x as

M, ()= S (b —i—z)" (.1:) dz,

(11)
n=—1L, —L+1 —L+2N—-1 .

where N is the order of the quadrature formula and'L and b are the optnmtzatlon parameters [multiplicity- and

position of the pole introduced in the weight functlon p(x)]. For p(x) we take the form of the x2 ‘distribution

© is the number of degrees of freedom): . :

. . U Rz w2 { __uz
P (@) dr = 3y (T) eXp( 2 ) v (12)
Then, for the moments (11) we have ‘
M ()= b2 (e V(. St ), (13)

where ¥(a, b, X) is a degenera’te hypergeometric function [9].

Table 1 gives the parameters which ensure that the error € of the calculation of the mean cross sections
is not greater than 0,01, It also gives the values of the optimization parameters L and b, chosen from:the con-
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/\ L=-6; b=0,262 B * : e
0 - 1 2
Chl /S -
L=-7, b=g 316 ok 77 =]
10+ : - 7 "
-2,0 I L L - I i =1 1 i ) ! 1
A 1072 w0’ 10 10 « ot w03 1wt o PO o
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Fig. 2, Error of approximation of fluctuation factor (l+a)[x/x+a)}vsaforp =1 and
N,: 6. :

Fig. 3. Plots of approximation errors of the fluctuation factors:a)x*/(x + @)2, b) x/ (x + @),
and c) x/Vx + @ which appear in the cross-section moments {.0), (0,5, 9«/0) for various
systems of quadrature-formula parameters: 1) equilibrium nodes [5] (N = 20); 2) Gauss—
Legendre parameters [4} (N = 10); 3) present paper (N = 6). '

dition of the best approximation of functions (10j, for & = 8, m = k= 1, By changing the paranieter b, we can
somewhat reduce the maximum error max |1 — f, (&)/f (@) |, distributing it uniformly along the entire
. [v7 . . -

curve (Fig. 1), The parameter L has a smaller effect on the maximum error €(c), but it does allow the de-
viation tobe_made of alternating sign (Fig. 2) and this, generally speaking, improves the accuracy of calcula-
tion of multiple integrals.

The possibility of using the nodes obtained in order to calculate cross-section moments of higher order
was examined for integrals with respect to the distribution of the neutron width in the moments of cross sec-
tions for reactions differing from the inelastic scattering reaction. The appropriate fluctuation factor C()
for the random parameter x = I'y /T is obtained fromEq, (10) as the limit as B — c. Exact values of it'are

. calculated from the formula

C(a)=(1+‘a)’"/2ak_m/2(32_)““% Wkt kBSR4 2, B (14)
Figure 3 gives the plot of approximation error € vs the parameter o for fluctuation factors appearing in the
cross-sectionmoment (6.0"), — 1< n< 1. I also gives the results of calculations with Gauss— Legendre
parameters [4] and with parameters with equal weights [5]. With almost equal maximum errors of approxi-
mation the parameters obtained require substantially fewer nodes in the physically important range of the
parameter o, ‘ o

Conclusions. The proposed scheme makes it possiBle to estimate the expectation values of a broad class
of cross~section functionals and to find the limits of error for these estimates, The parameters obtained for
the quadrature formulas are much more economical than those ordinarily used for these purposes, which is
especially noticeable in the calculation of integrals of high multiplicity. The approximations used in the es-
timation of the fluctuation factor are valid only for determining the optimal parameters which can then be used

" directly in calculating cross-section moments from more stringent formulas of the theory of resonance reac-

tions, : .
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PRINCIPLES OF CONSTRUCTION OF CRYSTAL COORDINATE
DETECTORS FOR NUCLEAR RADIATION

B, M, Lebed’ and I, I, Marchik . UDC 539.1.074.5:538.221

One of the major problems of experimental nuclear physics is that of obtaining high coordinate resolution
when recording fission fragments, protons, neutrons, etc. In the present paper we expound some of the physical
ideas about the possibility of realizing crystal coordinate detectors. (CCD) and give experimental results.

Physical Basis. How to construct CCD is considered with the example of ferromagnets but the pro-
cedure is equally applicable to other ferroelectrics as Well

It is well known that ferromagnets in the ground state are divided up into regions of spontaneous mag-
netization, i.e., domains, When a constant magnetic field exceeding a certain value is applied, a ferromagnet
goes over into a state without domains, i.e., into the saturation state. This transmon is a phase transition of
the first kind [1]. : :

Suppose that the ferromagnet is in a constant field H which diminishes quasistatically from values de-

. termining the saturation state to values which only slightly exceed the field H, corresponding to the onset of the
formation of the domain structure. If the difference H—Hgis small so that in respect of order of magnitude
the energy M| H —Hol is equal to the thermal fluctuations of the spin density (magnetization) then the nuclei of
the new magnetic phase (domains) will be localized in space near precisely such fluctuations. The process of
nucleation can be controlled if the thermodynamic fluctuations M are suppressed by slightly increasing the

~ difference H — Hpand can be controlled by external perturbations of the spin density. The latter can be
achieved in several ways, the most feasible of which seem to be processes of the interaction of nuclear ra-

diation with a solid. A simpler method, resulting in sufficient fluctuations of the spin density, is that of local

thermodynamic heating of the substance along the particle track. Such a process is characteristic of heavy,
multiply charged ‘particles of the fission-fragment type. It is known [2] that a channel in which multiply
charged particles travel heats up to a temperature considerably above the temperature of magnetic phase
transitions. The transverse dimension of the heating region is several thousand interatomic distances and is
quite sufficient for nucleation of a new magnetic phase whose characteristic dimensions are comparable with

those of the domain wall (<10~" m),

Translated from Atomnaya }fnergiya Vol, 47, No, 2, pp. 97-100, August, 1979 Original article sub-
mitted September 1, 1978; revision submitted January 11, 1979,
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During motion in a solid, fast neutrons also form large-scale defects, "displacement peakS" 2], whose
size is of the order of 102 interatomic distances, At the moment of formatlon the substance in the displace-
ment peak heats up to 10%°K, *

For relativistic particles the current of a moving charged particle may be the characteristic form of
perturbations of the spin system. The magnetic field produced by_the current is sufficient to cause rapid spa-
tiotemporal changes in magnetization at distances of the order of 107" m, and intensive excitation of spin waves
should be observed in the process. The excited spin waves can be induced dlrectly during their relaxation
(spin scintillation) and are also a cause of nucleation. i

The inhomogeneities observed in a magnetically ordered medium are arranged spatially along the par-
ticle trajectory, thus ensuring the possibility of its being instrumentally observed and measured.t The maxi-
mum spatlal resolution in this case will be determined by the minimum size of thermodynamically stable nu-
clei (10~" m) and the means of detecting them.

The considered mechanisms of the interaction of nuclear particles with a solid do not, naturally, en-
compass the entire multitude of such processes, but the processes indicated are characteristic perturbations
of ordered subsystems of a solid (spin and charge density, polarization) and hold out the greatest promise
for the construction of nuclear radiation detectors with high coordinate resolution. The possibilities of am-
plifying the effect of the interaction are considered below. There are two possible ways of determining the
coordinates of a particle: strictly speaking, nuclei and domains forming right along the trajectory of the
particle are recorded or disturbances to the regular structure previously formed in the solid are recorded,

-Experimental Investigations and Ways of Constructing CCD. Experimental results obtained when square-
loop ferrites were irradiated with fast electrons were the decisive element in studies on the construction of.
CCD, It was found that there was a decrease in the amplitude of the signal from an undamaged unit during ir-
radiation in an information-storage mode, In ferrites in the state of residual magnetization there are nuclei
of inverse magnetization and these nuclei are pinned on lattice inhomogeneities. The spin waves excited by
_ electrons are conducive to nucleation since the process of the formation growth of nuclei in systems in the -
state of residual magnetization is accompanied by a decrease in the free energy. At some integrated electron
flux the nucleus grows enough for the demagnetization of the specimen to become noticeable (this is observed
experimentally).

In order to assess the possibility of realizing nuclear-particle detectors on the basis of these interac-

‘tions, additional model experiments were carried out on the influence of glow microdischarges in various
stages, right up to breakdown. The experiments showed convincingly that chains of cylindrical magnetic do-
mains (CMD) form along discharge channels in thin layers of single crystals of orthoferrites which are CMD
carriers [13]. In addition to experiments with single-crystal media, studies were also made of the effect of

- discharges on artificial magnetic structures in polycrystalline materials. To this end, spatially regular trans-
_parencies were recorded by a video recorder on chromium dioxide tape, Remagnetization of the tapes was
established from the variation of the recorded information. It was established that microdischarges cause the
recorded image to change markedly, especially under the conditions of microbreakdowns, Subsequentrerecord-
ing of the image and examination of the tape under 4 microscope showed that erasure of information is not a
result of mechanical damage to the film,. . -

Experiments with 235y flssmn fragments conflrmed the possibility of a localized annular domain being
formed as a result of a single interaction. - The experimental verification was carried out on thin plates (up to
50 um) of ferrites and thin films. A thin film of °°U, deposited on a metallic substrate, was placed on the
specimens under study and the entire composition was irradiated in the channel of a VVRM reactor. After
irradiation the specimens were separated from the uranium films and studied under a microscope in polarized
light which allowed the domain structure before and after irradiation to be observed.

*At this temperature in optically transparent media radiation should be observed from the region of the dis-
placement peaks. Optical radiation of the displacement peaks was observed by the authors when quartz, poly-
styrene, etc, were irradiated with fast neutrons. At the same time, low-energy x rays were detected, It must
be pointed out that both forms of radiation can be used for the indication of neutron fluxes,

1The idea of constructing a magnetic analog of the Wilson cloud chamber was recently stated by V, I, Ozhogin
in the foreword to [3]. However, the effect on which this idea is based, i.e., the effect of the particle spin on
the magnetic structure, is too small for realizing a chamber, . - '
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Fig. 1. Schematic diagram of neutron
(proton) detector: 1) magnetic head; 2
fission-fragment tracks; 3) coordinates
of neutron capture; 4) fissionable mate-
rial;5) ferrite;6) photograph of annular
domain on site of fission-fragment track.

The experiments showed that after irradiation the domain structure in separate local and extended seg-
ments (the latter being the result of several fission fragments striking close to each other) experiences con-
siderable distortions, By visual observation under a microscope it is possible to determine regular band
structures which take on a serpentine character after irradiation.

~ The tracks of fission fragments were most distinctly revealed in plates of orthoferrites and ferrites
with rare-earth additives, With the application of a magnetic bias field (not quite sufficient for saturating the
ferrite) annular domains (hollow CMD [3]) were formed after irradiation (Fig. 1). The size of the inner circle
(and, therefore, the counter resolution) £ 15 - 1078 m, It may be that the empty space inside the annular CMD
is due to the channel of radiation damage,

This example does not mean that orthoferrite is the most applicablé material. Materials with the
smallest possible size of domains and domain boundaries should be chosen. As is known, the size of a domain
is proportional to the thickness of the tape and the thickness of the boundaries is inversely proportional to the
area of the anisotropy. Tapes with metallic ferromagnets (e.g., cobalt) with a thickness of 0.5-10~ % m are
also promising, are easily produced, and can have considerable dimensions. Also of some interest is the
possibility of using ferrites with exact compensation in which use is made of hysteretic effects in the inter-
action of compensated magnetic sublattices as well as domain structures in antiferromagnets.

In addition to polarized light, promlse is held out by the recordmg of damage with magnetlc video heads
(MH) scanning over the image. As shown by tests, domain structures with a size of about 1074 cm can be easily
recorded by using commercially manufactured MH with a gap of 0.7 - 10-% m, If necessary, this resolution can
be improved considerably. :

The schematic diagram 'of a slow-neutron counter is shown in Fig. 1, The difference between it-and the
. experiment described above is that two ferrite films on either side of a 857 film are used. This is because
of the need to eliminate the error which arises in determining the neutron-capture coordinate because fission
fragments fly apart with spatial isotropy. The coordinates of annular domains are determined with an MH.
Once the coordinates have been measured the system is put into the initial state by remagnetizing the ferrites
over a whole cycle. : ‘ A

In order to increase the brobability of nucleation of a new phase (counting efficiency) as a result of each
flight of a weakly ionizing particle through a magnetic film it is necessary to amplify the effect of the interac-
tion; this can be accomplished by additional current heating of the radiation channel or by employing a streamer
mode. For this purpose the surfaces of the ferrite are metallized and a constant voltage is applied to them.,
The ferrite acts as a dielectric in a spark chamber [4] with the advantage that the size of the domain formed,
i.e., the counter resolution, does not depend on the channel diameter but is determined only by the ferrite pa-
rameters [5]. Magnetoresistive transducers (see [3]), shunting the high-voltage circuit, can serve as clipping
discharge gaps. Crystal coordinate detectors based on metallic ferromagnetic films with a semiconductor or
dlelectrlc sandwiched between them are very attractive.

Undoubtedly, in view of the 1ntens1ve development of new computing techniques (3] crystallme coordinate
detectors based on CMD are most promis ing for the future since the CMD generated by particles can be re-
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Fig. 2. Schematxc diagram of charged-
particle detector based on magnetic car-
rier: 1) reel; 2) magnetic tape; 3\ mag-
- netic reading heads; 4) electrodes; 5)
-particle track; 6) magnetlc recording
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Fig. 3. a) One—coordmate neutron counter
and b) diagram of detector for studying the
anisotropy of fission fragments (a one-co-
ordinate detector is realizedwhenE,;=-E,):
1) Gunn diode; 2) fissionable material; 3)
v flssmn—fragment counter,

- corded by a computer. At the present time, l.t would seem that more realistic for CCD is a ¢combination of
‘magnetic tape as the recording medium and a spark chamber which makes it possible to create a detector
combining all the advantages of the spark chamber with the high coordinate resolutlon and in-line processing
of results of the irradiation of magnetic tapes.

. The schematic diagram of such a detector for charged particles is shown in Fig, 2. The transit of a
particle is recorded here by coincidence circuits in the spark chamber and the coordinates of the particle at
the time of its transit through the spark chamber are determined with the aid of a magnetic carrier on which,
in addition to the coordinates, additional data could also be recorded at the same time. The information is
read out from the carrier by magnetic video heads. Inthis case either a television image of the recorded
scanned transparency is formed (the coordinate measurements are made from the visually detectable distor-
tions in the transparency) or a pulsed signal is produced. In the latter case, the reading is done by two mag-
netic video heads, one of which is used as a reference head in a comparison circuit for eliminating the back-
ground produced by the magnetic structure recorded on the carrier.

Phase transitions in materials other than ferromagnets can also be used to create CCD, It was pomted
out earlier that ferroelectrics, e.g., Gunn-effect semiconductors, are ‘suitable for this purpose. In these ma-
terials, charge- density instabilities ("electric domains") moving through the specimen are formed at a certain
value of the electric field E,

Upon reaching the edge of the crystal a domain produces an abrupt current drop which can be reproduced
as a signal. The coordinates of the formation of a domain in an ideal specimen are random, although in prac-
tice inhomogeneities in E are introduced artificially in order to ensure monochromatic generation.. Such an
inhomogeneity can be produced by charged particles. Figure 3a gives the diagram of a one-coordinate neutron
detector, With the incidence of fission fragments formed as the result of neutron capture by nuclei of the fis-
sionable material in the Gunn diode and in any ordinary counter a pulse is formed in the diode with a delay of
T=r/MN, where r is the coordinate of the fission fragment and v is the velocity of the domain, The real velocity
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at the present time is 10° m/sec. The resolution of such a detector will be determined by the electrical cir-
cuitry (see Fig. 3b). The fields E in the Gunn diodes are connected in the same way and the spatial anisotropy,.
as is clear from Fig. 3, is measured from the difference of 1; and 7,. A one-coordinate detector is realized
when two diodes are counter connected, It may also prove useful to employ Gunn diodes. in time-of-flight’
spectrometry. The generation frequencies attained at the present time are: 10%? Hz, i.e., Lt is possible to re-= -
.cord the formation of a domain in 10712 sec, This means that two diodes separated by 1072 m enable the high-
est possible particle velocities to be measured. ' ‘

Conclusions, The physical principles for the construction of CCD considered in the: present paper with the

example of ferrltes and semiconductors are primarily qualitative in character, although the coordinate resolu-
tion of 15 10 % m obtained for fission fragments in the initial stage of the experiments indicates the feasibility
of constructing such detectors. The prospects for the use of such counters lies in the s1mp11f1catlon of many
experimental arrangements for nuclear-physical research as well as in new possibilities being discovered in
the formulation of experiments, e.g., in neutron-diffraction analysis. By using the dependence of the cross
section and scattering on the mutual orientation of the scattering vector and M it is possible with the aid of an
- external magnetic field in the specimen to set the direction of M so that magnetic and nuclear scattering take
place with respect to-one coordinate and only nuclear scattering with respect to the other. The difference in
the intensity of the diffraction rings as a function of the modulus of the coordinates directly yields the mag-

netic neutron-diffraction pattern,

AW
e .
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PRODUCTION OF !%%Cd by IRRADIATING !%"Ag
WITH REACTOR NEUTRONS '

A, G. Beda, A. V, Davydov, L ~UDC 539.122.03
A. V., Lyakhov, and K. I. Shechekin

One of the radionuclides most widely used in x-ray radiometric analysis is 1%°Cd, Its virtues are a long

half-life (452 days) [1] and a simple radiation spectrum containing strongly converted 88-keV ¥ radiation of the
daughter nucleus %°Ag and x rays accompanying the internal conversion process (the K lines which result from
this process have energies of ~22keV), The 193Cd isotope is employed in quantitative and qualitative analysis
of: a) materialscontaining elements with atomic numbers from 22 to 44 (for the excitation by x rays of the K
series of the elements being investigated) and b) materials containing elements with atomic numbers from 74
to 92 (for the excitation of the L series). The K series of heavy atoms can also be excitedby the 88-keV ¥ ra--
diation from sufficiently intense °°Cd sources,

At the present time 109c4 is produced in the USSR exclusively by the cyclotron irradiation of silver, using
he 1%%Ag (p, n)1%Cd or 1%Ag(d, 20)1%%Cd reactions,  However, the cyclotron production of ®Cd requires pro-

longed irradiation of silver, and this greatly limits the possibilities of the wide introduction of this nuclide
into x-ray radiometric analysis. In addition, 1*®Cd sources made by cyclotron irradiation are very expensive
and since the physical properties of these sources make them particularly suitable for x-ray radiometric
analysis, any new inexpensive method for producing 10904 sources on a broader scale is very important. _

Recently it has appeared possible to produce radionuclides in a reactor having a high neutron flux (up

to 2 10 neutrons/cm?-sec). In such a reactor 1%°Cd can be very efficiently produced by irradiating 197Ag,
using the double neutron capture reaction 9Ag(n, y)!®®Ag— 1%Cd(n, v)!*°Cd.

Translated from Atomnaya Energlya, Vol, 47, No, 2, pp. 101-103, August, 1979, Original article sub-

= mxtted August 7, 1978. PR el
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Estimate of the Possibilities of the Method. . Natural silver is a mixture of "?Ag (51.3%) and 1%%A ¢ (48.7%)
A 199%¢(d source of adequate activity can be produced by irradiating natural silver and subsequently separating
the cadmium formed, but there are two reasons why it is undesirable to work with natural silver. The irra-
diationof natural silver leads to the reaction %Ag(n, v)!1®Ag in addition to the reactions indicated above. This
results in the formation of '*Ag both in the ground state with a half-life of 24 sec [2] from which it is trans-
formed into 11%Cd, and in the metastable state with a half-life of 253 days [3]. The final result of both 1%Ag
decay processes is the formation of an excessive amount of cadmium, which lowers the specific activity of
the next product 1%Cd. Here the decay from the short-lived ground state of 1"%Ag plays a fundamental role.
For example, for neutron flux of 2 < 10!% neutrons /cm? * sec and an irradiation time of ~100 days, 75% of the
1%Ag is transformed into 11%Cd. The decay of !1%Ag from the long-lived metastable state is characterized by a
high v constant Ky = 14.25R »cm?/n [4]). In view of this it may be very difficult to ensure safe conditions in
the radiochemical processing of irradiated samples. Thus the silver irradiated should be enriched in 1077 g
with a minimum !%%Ag content. o

The accumulation of !*Cd nuclei in the irradiation of ""Ag by thermal neutrons in a reactor is determined
by the following expression which neglects the capture of neutrons by %Ag because of its short lifetime:

J 040,60 1 ~Jo108t __  —(JG19a+A109)t 1
1070108 [ (e —e ) J_—-—0109+klo9——1610.,

Rygg () = g7

G101— 0108 LJO109 1+ 109—T 018

. o 1
A0010%10s g (1) = 1,28 40 4,0 F (£), @

- - Aondty ] _
X (e Jotat _ o ~(Jo109+ m).)] =Ny

C107— 0108

where nyg(t) is the number of °°Cd nuclei accumulated during the irradiation time t; nyo;, initial number of
107Ag nuclei; J, thermal neutron flux; oyq;, 695, and oygg, Tespectively, the 197Ag, 198¢d, and 19%Cd thermal neutron
absorption cross sections; Ao, 1°°Cd decay constant,

To determine the specific activity of the 19Cd formed it is necessary to consider the accumulation of
other cadmium isotopes in the sample, If silver enriched more than 99% in 1"7Ag is irradiated, the amount of
cadmium formed after the absorption of neutrons in 109Ag: can be neglected, since it comprises no more than
2 to 3% of the total amount of cadmium formed in silver. Each neutron capture by ®’Ag nuclei in the final
analysis leads to the formation of cadmium isotopes in accord with the chain of transformations:

07Ag (n, y)i08 Agﬁ_;wst (n, $)1%Cd (n, ) “"Cd.
The total number of cadmium nuclei ncg accumulated during an irradiation time t is given by the expression
Rcg =17 [1 —exp (— JOyt)]. (2

From Eqgs. (1) and (2) we obtain the following expression foi} the speciﬁc' activity C of 1%°%Cd in the cadmium
fraction separated from the irradiated sample: - '

1 —Jaest () Mog)t 1 "y
Maog¥adC1630p0s | oo (eIMM08t _o—Ompthaoady _ 1 e—Jaxo;t__e—(JomsHms)t]
1097 AT 107 108 -’0109‘{‘1109"—‘]0105( ) J 0109 1 Aiog 4 I Gros ) -

A (0197 —0y08) (1—e /0107 . ®)
=3.32 () ci/g, '

where Nj is Avogadro's number and A is the average atomic mass of the cadmium isotopes formed.

If a standard ampoule with a 5-mm inside diameter completely filled with WAg is irradiated in the SM-2
reactor, the average effective neutron flux is ~59% of the unperturbed flux as a result of self-shielding. Fig-
ure 1 shows the functions F(t) and £(t) calculated for the following values of the constants appearing in Eqs. (1)
and 2); J; = 2 -10%% neutrons /em? *sec, J = Jot = 0.59dy, 0yp; = 35 b [5], 0108 = L24 b (average from [6, 7]), .

- Oye9 = 700 b [6], Mygg = 1,76 -107% [sec™ [1], A=109, The coefficients 1.28 -10-* and 3.32 in Eqgs. (1) and (3) were
~ obtained from the values listed above for quantities appearing in these equations., :

Analysis of Eq. (3) shows that the maximum specific activity of 4.23 Ci/g is reached for an irradiation of
~ 400 days, but Fig, 1 shows that the specific activity reaches 92% of its maximum value in 100 days.

Experimental Results. To test the efficiency of the reactor method of producing 1%°Cd, a 26,4-mg sample
of metallic silver enriched to 99.46% '*’Ag and containing 0.54% 1"%Ag was irradiated in the SM-2 reactor in a
thermal neutron flux of 2 +10'% neutrons /em?- sec. The effective irradiation time was 25.7 days, which corre-
sponds to the length of one reactor run, Six months after irradiation ceased, the cadmium formed in the ir-'
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Fig. 1. F(t) and f(t) as functions of irra-
-diation time,

- radiation of the sample was separated radiochemically, The measured activities of the 103¢cd separated from
the lrradlated sample and the 11"Ag in the irradiated sample were as follows (the numbers in parentheses re-
fer to the instant irradiation was terminated): the activity of 109cq was 6.6 + 0.6 mCi (8.6 mCi); the activity

of Hopg was 6.5 +0.6 mCi (10.6 mCi); the specific activity of 103¢d was 3.0 +0,6 Ci/g (3.9 Ci/g).

Wlthl_p the limits of error these values agree with the calculations if it is kept in mind that as a result
of the small amount of irradiated material the neutron flux was practically unperturbed

The only radioactive cadmium isotope formed in the irradiated silver sample was 19%Cd, and since cad-
mium is easily separated from silver chemically, the 1%%Cd source obtained in this way has a very low level
of background radiation. The measurements of the background activity of the 109cd sample separated from the
irradiated silver showed that the possible admixture of 11%Ag radioactivity did not exceed 10-¢ of the 19°Cd ac-
t1v1ty. :

Conclusions., The dataobtained permit a rather confident assessment of the prospects of this method of
producing '°?Cd for making sources for x-ray radiometric analysis, It is possible to irradiate 7.1 g of metallic
s1lver sxmultaneously in a standard ampoule in the SM-2 reactor. Table 1 lists data on the number of sources
which can be made from this silver as a function of the irradiation time and the source diameter. The amount
of cadmw.m requlred for a source depends on the source dimensions, since the low specific activity requires
' an increase in the source thickness as the dlameter is decreased and this increases the absorption of 22-keV

x rays in the source itself, :

In the fabrication of a source there are unavoidable losses of time in delivering the irradiated material
to the source manufacturer, in the technologlcal process itself, and in delivering the sources to the user. The
_average time between the cessation of irradiation of the silver and the delivery of a finished source to the
user is 6. months. The data in Table 1 apply to a preparation cycle of this length,

Estimates show that expenditures for fabricating one source (cost of enriched silver plus cost of irra-
' diation) are decreased slightly for an irradiation time of more than three reactor runs, and reach a minimum
for an'lrradlatlon time equal to five reactor runs. If only the above expenditures are taken into account, the
cost of one 1°°Cd source (equivalent-to a thin 10-mCi source) obtained by the reactor method is tens of times -
less than the current cost of a source of the same activity produced by the cyclotron method, In addition, the
reactor method makes it possible to obtain 109 cd in amounts sufficient to satisfy fully the acute demand for
these sources.

It should be noted that while the radioisotopic purlty of 1‘)"Cd sources obtained by the reactor method are
not inferior to 1°Cd sources produced by the cyclotron method, they are significantly inferior to them in spe-
CIflc activity. Cyclotron sources may reach a specific activity of more than 100 Ci/g, which permits the fab-
rication of a 1-mm-diameter source with an activity of 10 mCi.

. By irradiating enriched s11ver in a reactor for three runs it is possible to make a source 3.4 mm in
diameter which is equivalent in the yleld of 22-keV radiation to a thin 10-mCi source, and for a 10-mm-diam-
eter source the effective activity can be increased to 87 mCi, which is high enough for the excitation of the

K x-ray lines of heavy elements by the 88- keV v radiation. In using 88-keV vy radiation the dimensions of the
sources can be decreased substantlally by increasing their thickness, since the self-absorption of this radia-
... tion in E!}? source material is small, Reactor 109Cd can be used to fabricate a wide range of sources for x-ray
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TABLE 1. '%Cd Yield as a Function of Irradia-
tion Time

Irradiation Total yield of g%éogcsﬁ%igggsgoﬁ:
time (No. of | *®Cd radioac- |ing to the activity of a

reactor runs) 4 tivity, B’ thin 10-mCi source

(mCi) diameter [diameter

1 6 mm 10 mm
1 861 ~ 63 7
2 2220 179 206
3 3350 292 330
4 4686 393 433
b 5841 497 D48
6 6770 H73 637
7 7775 661 732

*B = Bo(M/m) (F(t)/Fy(t)), where By = 6,6 mCi
and m = 26.4 mg are the activity and mass of the
experimental silver sample, M =7.1 g, F(t) from
Fig. 1, Fy(t) = 1.4 'is the value of F(t) for unper-
turbed flux at t =25.7 days," : :

radiometric analysis, including a source of annular shape. In this case the fact that the specific activity of
reactor 1"?Cd is lower than that of cyclotron °°Cd is not a disadvantage, since such sources have a rather
large area. Estimates show that the reactor method retains a number of advantages (both with respect.to the
total !*%Cd yield and with respect to the cost of the sources made frofn it) when somewhat lower neutron fluxes
of the order of several times 10'* neutrons /em? - sec are used. '

Thus, the investigations performed show the practical expediency and economic advantage of making
reactor sources of 1*’Cd for x-ray radiometric analysis. It should be noted that the production of 1°°Cd by ir-
radiating silver in a reactor was studied in [6], but because silver of natural isotopic composition was ir-
radiated by a relatively low thermal neutron flux of ~ 2.5 - 10! neutrons/cm?- sec, the results obtained did not
‘permit conclusions about the prospects of this method of producing '*°Cd. - '

The authors thank Yu. G. Sevast'yanov for performing the radiochemical separation of 1%°Cd,
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CALCULATION OF RADIATION BURDEN FROM SECONDARY NEUTRONS
DURING PROTON IRRADIATION OF TUMORS + '

V. 1. Kostyuchenko, B, I. Reznik, and A. P. Shchitov UDC 534.106:539.,107.37

When sessions of radiation therapy are given with proton accelerators the dose of a single irradiation of
large volumes of tumors not infrequently runs to several tens of kilorads. Dosimetry preceding such irra-
diations should provide information not only about the dose atthe focus but also about the secondary radiation
which places a radiation burden on the patient's healthy tissue outside the irradiated target. Such elements of
the beam-shaping system as the preliminary and final collimators as well as the irradiated targets themselves
are also secondary radiation sources. '

Most critical in this respect is a single massive irradiation of patients with osteogenic sarcomas and
other tumors of extremities with a beam of 155-MeV protons. Depending on the size of the tumors, such ir-
radiation was carried out by superposing one to three areas of 7 X.9 cm each, The maximum dose was ~20
krd per area [1]. Problems of shielding against secondary radiation also arise when internal objects are ir-
radiated by a wide beam (diameter up to 50 mm). ' :

The purpose of the present paper is to calculate the influence of secondary particles from a total-ab-
sorption target, imitating a real irradiated object, to obtain experimental data and to compare them with cal-
culations, as well as to compare the efficiency of various materials for local radiation protection. The choice
of an optimal computational method will make it possible further on to avoid extremely laborious measurements’
of radiation burdens due to secondary particles, replacing this procedure with comparatively simple computa-
tions for a given irradiation geometry.

Caleculation of Fluence of Secondary Fast and Ultrafast Neutrons. Secondary radiation arising in a total-
absorption target comprises ultrafast, fast, intermediate, and thermal neutrons as well as v rays. As follows
from [21, the absorbed dose behind the radiation shielding is determined by the contribution of fast and ultra-
fast-neutrons,

In order to calculate the fluence of ultrafast neutrons, we use the scheme presented in [2]. With a view
to increasing the accuracy of the calculations, we split the total-absorption target (lead block with a thickness
of 5 emi) -into a-number of layers.. We use the mean energy of protons in a layer to calculate the sought pa-
rameters. ’ .

Then, the neutron yield from the i-th layer is

gi= '103 (L/A) I;S’kxi (65,,),-, (1)
where L is Avogadro's number; A, atomic ‘mass of the target; Ij, number of primary protons before the i-th

layer; v{(E), number of neutrons per inelastic collision; xi, target thickness (kg/m?%; and (Bin)i (Ep), inelastic
interaction cross section (mz). :

The primary proton flux is an exponential function of the target thickness:

I = I exp{—103(L/A) (8:n): 2}, 2)

where I is the initial number of protons and Ij is the number of protons before the i-th layer.

The values of 6;, for each layer are found from an equation giiren in [3]:

N .
8 (Ep) = g5 exp { Jar ()} | ®

j=0

Translated from Atomnaya Energiya, Vol, 47, No. 2, pp. 104-107, August, 1979, Original article sub-
mitted July 17, 1978.
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where N = 3-4, aj is a coefficient which depends on the target material and Ep is the proton energy (MeV).

The values of Vi inthe energy range from 50 to 200 MeV were obtained by extrapolation of the data of
[2] to the point with energy 20 MeV, which is the threshold energy for ultrafast neutrons, where by definition
vi=0.

In accordance with [2], the fluence of ultrafast neutrcns emitted inside a solid angle dQ' is

Q o
{16 Epan
¢4 K ql . .
O=f g | @

SI(B FpréaQ
0 .

Hence, going over from Q to 8, we gét

2| (B, Ep)sin 046 C )
| | O=4 : 5)
‘ . 27 g f(G Ep)sin 6 db )
. _ 3

where rj is the distance from the i-th layer to the point of detection; 9, angle between the-directions of the
secondary and primary particles; 6', angle of detection; and £(6, Ep), angular distribution of the secondary
ultrafast neutrons, described in the range from 100 to 700 MeV by the following expression [4]): '

o, E cos [1 05(8/84,5)}; 0L 0 <91,2, - T
A P)"{uz exp(—4.2(E, 1660 (08,2 ) : ®
91/z<e <n/2 ’ : .

where 6y is the- half-wndth of the angular dlstrlbutlon,

| - : , 1/2.7](‘. v : v . @ -
' and 7 is ah empirical coefficient 'w'hichvlis eqi;al to 0.3 for materials with A =27 {4]. )
* Since £(8, Ep) is defined only for Ep =100 MeV, the value of S f (8, Ey) sin 8 d8 for a layer with Eeff =
i ' . 0 . : :
50 MeV can be found by extrapolatlon.

We make use of the fact that for the threshold energy of 20 MeV the angular dlstrlbutlon of the neutrons
B 72 I 74

is isotropic, L€y 20 Sf (8, Ep) sin 0°d9 = 4n, and we construct the curve of F(0, E) = Sf(ﬁ) sin Gd 0 asa

functlon of the energy Ep (Fig. 1). From thls we find that the value of this integral at the pomt where Ep 50
MeV is 1,23, It can further be easily shown that in the range 0 = 6 =5° this integral is practically independent
of the energy. The latter remark is pertinent to the comparison of the calculation presented here with the ex-
periment which will be described below, Upon summing the values of ¢ over all layers of the target with the

| appropriate rj, we get the density of the current of ultrafast neutrons at the point of detection,

| ,For fast neutrons the distribution is isotropic, i.e., inside the detection angle 6; we have

Opn=(@r®) O/m). C®

The values of vj for fast neutrons were obtained by extrapolation by analogy with the procedure for ul-
trafast neutrons. The following assumptions were made in the calculations: the neutron source was assumed
to be a point source, the shielding was assumed to be unbounded, and the albedo was not taken into account.

In order to assess the extent to thch these assumptlons affect the accuracy of the calculations, we set up two-
experiments, -
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Fig. 1. Plot of F(8, Ep) vs pro-
ton energy Ep, ’

§60 mm

)

AV

'Fig, 2. Geometry of experiment with scin-
tillation detector: 1) total-absorption tar-
get of lead; 2) block of variable-thickness
radiation shielding; 3) scintillation detector.

Geometry of "Point" Source. In this experiment We verified the technique for calculating the yield of
ultrafast neutrons from a total-absorption target in the geometry of a "point" source and also studied their
attenuation as a function of the thickness of the radiation shielding, :

The geometry of the experiment is shown in Fig. 2, The primary-proton beam of diameter 10 mm (Ep =
200 MeV) impinged on a total-absorption target. A 12g geintillation detector of diameter 70 mm and thickness
10 mm was set up on the axis of the beam at a distance of 660 mm from the target, The activity induced in
the detector by secondary neutrons was established by the technique described in [5]. Radioactive UG formed
in the 2C(n, 2n)!!C reaction with a threshold energy Ethy = 20.6 MeV has a half-life of 20.4 min. Since the
cross section for this reaction for Ep =40 MeV is assumed to be constant and equal to 21 mb [6], such a de-
tector records the number of neutrons. The cross section of the attendant 2¢(y, n)!'C reaction is negligible.

The number of primary protons incident on the target was recorded by an induction transducer with an
error of +5%. The density of the flux of ultrafast neutrons, obtained as the result of the experiment (without
shielding blocks), was 19.8 neutrons /cm? -sec. The error of measurement was roughly *15%. The value cal-
culated for the same quantity by the technique described above with the parameters used in the experiment (r=
66 cm, ty =68 sec, 6;=3° Ij= 1010 protons) turned out to be equal to 18.1 neutrons/ cm?-sec, The difference
between the experiment and calculations < 10%. ' : :

In the same experiment we studied the shielding properties of aluminum, lead, and tungsten blocks which
were successively placed on the beam axis between the target and the detector (Fig. 3). In each separate ex-
periment the thickness and material of the radiation shielding was varied, The values of the coefficients of
attenuation of ultrafast neutrons, obtained experimentally, are given in Fig, 3 (normalization to particle-flux
density in absence of shielding).

1t should be noted that, according to [2], the ratio of the flux density of the ultrafast and fast neutrons
inside the shielding remains constant. The attenuation coefficients obtained characterize the shielding prop-
erties of the material within the limits of the entire neutron spectrum. By using the proposed computational
procedure, we can get the following values of the total yield of neutrons with an energy exceeding 25 MeV for
a beam of protons with an energy of 200 MeV: for *Be, 2'Al, #C, and 2'Pb, respectively, yields of 1,96 -107%,
2.01-107%, 1.93-10-1, and 1.62 - 10~! neutrons /oroton. Thus, within the limits of 10% the total neutron yield
is independent of the target material,
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'Fig. 3. Dependence of coefficient of atten-

uation of ultrafast neutrons on thickness of
shielding of: —)Al;———) Pb;and—*—*—) W
[O) experiment],

AN
v/

7
Fig, 4, Geometry of experiment with track detector: 1) total -
absorption target; 2) radiation shielding blocks; 3) track detec-
tors, . : , . :

AL

A
AN\

‘ Geometry of "Extended" Source, In the second experiment we studied the yield of both ultrafast and fast
neutrons from a total-absorption target in the case when the beam diameter is greater than the detector size
and the distance between the detectorsis comparable with the beam diameter,

The geometry of the experiment is shown in Fig. 4. A beam of 200-MeV protons with a diameter of 30
mm struck a total-absorption lead target at a distance of 30 mm from the target and then at intervals of 30
mm we set up tungsten shielding blocks with track detectors mounted on them. Each detector constituted a
"sandwich" of 2%U plates of 5x 10mm and a glass substrate. The number of fission-fragment tracks for each
plate were measured with an MBI-3 microscope (X630). It was shown in [7] that such a detector is a rem-
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~7 B
Fig. 5. Diagram for calculation of density of the
secondary-neutron flux in experiment with track

detector: 1) total-absorption target subdivided '
into layers and levels; 2) track detector.

TABLE 1. Calculation. of Radlatlon Burdens
on Critical Organs

Critical Ultrafast neu= | Fast neu-
organs r_’ em trons, | trons, neu-
neutrons/cm® -rons/cm
Eye . 30 . 3,1-107 '4,0-108
Gomads 32 7,6-107 | 1,0-10°
Healthy ex= 419 - ). 2,108 - 1,8-10°

meter and records the equivalent dose of ultrafast and fast neutrons. Prior calibration of the track detectors
showed that in'the energy range considered 1 track/mm? corresponds to a value of 0.96 +0.29 rem. With a
shielding thickness of 0, 5, 10, 15, and 20 cm the dose is 497.0, 79.1, 24,5, 7.9, and 3.0 rem. The fluence of
protons incident on a total-absorption target is 2 -10!® em~2. The error of dose measurement with track
detectors was ~30%. :

In calculating the particle fluence in such a geometry, as in the first case we divided the total-absorption
target into four layers and, moreover, within the limits of each layer we further divided it into a series of
circular levels (Kj over the beam cross section). Each circular level, in turn, was subdivided into 100 seg-
ments so that any of them could be taken to be a point source, Having calculated the angles at which the de-
tector is seen froma given point (6, and 85 in Fig, 5), we find the particle fluence incident on the surface of the
detector from a given point as the difference of the values of &j from Eq. (4) for the angles 0, and 63, Thus,
having integrated the values over the entire area occupied by the beam on the target, we calculate the fluence of
particles incident on the given layer of the total-absorption target. Further, by summing the values over all
layers, we find the sought value @i for the entire target as a whole,

Calculation by this method for the case when there was no shielding gave values of 4.2 - 10° (for ultrafast
neutrons) and 7.3 109 neutrons /em? (for fast neutrons), which correspond to 23.7 and 386.9 rem, respectively
[8], i.e., a total dose of 410 6 rem. Thus the dxfference between the experlmental and calculated values does
not exceed 22%., .

In considering the geometry of massive irradiation, we specify the set of parameters necessary for cal-
culatmg the fluence of ultrafast and fast neutrons incident on critical organs (Ep = 155 MeV, Iy= 3- -10' protons,

*The unit rem is used here as.a unit of measurement' of radiation burdens on an organism during irradiation,
although according to [8] it is applicable only for estimating the risk of chronic professional irradiation with
low doses., However, in our opinion the absence of regulation values for radiation therapy practice and.the

limited number of persons subjected to such irradiation allows an analog to be drawn between our cases and

~«those considered. in [8].+ -
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8 = 90). Using the data given in Table 1, we find, in accordance with [8], values of 23 rem on an eye, 57.3 rem
on the gonads, and 106.7 rem on a healthy extrenmiity. Such radiation burdens on critical organs are unaccept-
ably high, In view of this, obviously, the problem arises of creating local radiation shielding for the patient
sin,order to reduce the radiation burdens on the entire organism (or separate parts of the patient's body) during -
irradiation of tumors. In our opinion, such local protection should ensure a reduction of the radiation burdens
to the level of a "dose of justified risk" to the patients subjected to radiation therapy. As an example, we

point out that for cosmonauts the dose of justified risk has been taken equal to 50 rem [9],
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LETTERS

VACUUM FISSION CHAMBERS FOR NEUTRON MONITOBING

"A. B. Dmltrlev, E K. Malyshev, o © - UDC 539.1.074;539.1.074.8
and O. I. Shchetinin : '

In the practice of monitoring high fluxes a characteristic recent development has been the extensive in-
troduction of various emission detectors in which current is produced by the motion of charged particles in the
interelectrode space, particles which are formed directly when neutrons are captured by nuclei of an active
substance [(n, 8), (n,@), (b, p), and other reactions]. Those which have come into most widespread use have
been the B-emission self-powered detectors (SPD) with rhodium or silver as the radiator of charged particles.
Disadvantages which B-emission SPD suffer include comparatlvely low sensitivity as well as inertia due to the
half-life of the rad1onuchdes formed. Moreover, in a number of cases it is desirable to have a detector with
a spectral sensitivity corresponding to the energy dependence of the fission cross section of the nuclear fuel,

In this respect, of interest are vacuum fission chambers which utilize electronic emission under the actlon
of fission fragments [1, 2], These chambers are practically inertialess (electron collection time <1- 10~%sec)
instruments and the relatively low energy of the electrons emitted permit continuous control of the detector
current (sensitivity) [3, 4], The fission-fragment radiator (it is also the electron emitter) is usually deposited
directly on the electrodes of the chamber. If the electrodes have a different electron emissivity, then even in
the absence of an external voltage at the instant of irradiation of the ¢chamber a difference current is estab-
lished in the closed circuit of the electrodes. Because of the small space charge, the detector current remains
proportional to the neutron flux density [3]. The current of the vacuum fission chamber is determined by the
emitted electrons since their total charge is much greater than the charge of the fission fragments. The pres-
ent authors carried out measurements of the electron emission coefficient with a plane-parallel three-electrode
vacuum cell consisting of disk-shaped emitter and collector of emission electrons with a control grid between
then, The surface of the emitter was coated electrolytically with a-layer of UsO; (90% 235U). The current of the
electrons emitted by the surface of the emitter during the escape of a fission fragment or by the surface of the
collector under bombardment by fission fragments was measured as a function of the electrode potentials. A
negative potential was established on the grid and the current specific to the fission fragments was determined.
Measurements of the coefficients of electron emission when fission fragments escaped from a U;O, layer with
a thickness of 0.1 mg/cm? and when these fragments bombarded the polished surface of a stainless steel collec-
- tor yielded values of 57030 and 370+20, which are in accordance with the data of [1],

Two main groups of vacuum fission chambers can be distinguished in respect of design: with a cylindrical
and with a plane-parallel system of electrodes. The simplest is a system of two coaxial cylinders (3, 4]. Elec-
tron emission occurs both during the escape of a fission fragment from the surface of the radiator and during
bombardment of the opposite electrode, Therefore, in order to attain the highest possible sensitivity, it makes
sense to deposit a fissionable coating on the working surfaces of both electrodes. Depending on which electrode

Fig. 1, Construction of KNV-1 vacuum fission chamber: 1)
15 pairs of disks; 2) support; 3) insulators of high-alumina
ceramic; 4, 5, 8) flanges; 6) current-carrying conductor; 7)
cermet connection joint; 9) exhaust tube for evacuating dewce-
10} 16-mm tube with 0.3-mm walls.

Translated from Atomnaya f.nergiy’a, Vol. 47, No. 2, pp. 108-109, August, 1979, Original article submitted
November 11, 1976,
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Fig. 2. Current—voltage characteristics of KNV-1 chamber: 1-6) reactor
power of 10, 50, 100, 500, 1000, and 2500 arb. units, respectively.

Fig. 3. Load .characteristics of KNV-1 chamber: 1) at supply voltage of 24
"V;2)in short—gircuit mode., - - .

has the positive voltage applived to it to ensure saturation of the emission current, i.e,, whether it is the central
(N;) or outer (N,) electrode, we can write the following expressions for the sensitivity:

Ny =eR (8,48,,m+8s); ' M
Ny=meR (8;-+8;; (1—5), ' : 2)

where R is the number of fission reactions in the outer electrode per unit neutron flux density; e, electronic
charge (C); m, ratio of the amount of fissionable material on the central and outer electrodes; 6, and 6,, co-
efficients of electron emission during the escape of fission fragments from the surface of the central and
outer electrodes, respectively; 6, and 65, coefficients of emission under bombardment of the surface of the
opposite electrode by fission fragments (the first subscript refers to the radiator of fission fragments and the
second, to the electron emitter); and 6& , coefficient of electron emission in the outer electrode under the effect
of the fraction s of fission fragments which formed in the outer electrode and flew past the central electrode.

In practice, m is proportional to the ratio r of the radii of the respective electrodes,

me=kr. ) : . e
The maximum sensitivity Ny is obtained for -
=V 1= (205 mkb,y). ‘ L @)

Usually, k = 1, which yields r=~0.8. Obviouély, an increase in k gives an increment in sensitivity but at
the same time the optimal interelectrode gap decreases, and this results in constructional difficulties in de-
tector design. On the other hand, the requirements on the vacuum diminish at small interelectrode gaps.

Measurement of small signals is frequently limited by the leakage currents through the insulators, e.g.,
when the detector is operating at elevated temperature. In such cases it is desirable to introduce a protective
electrode, the role of which can be played by the grounded casing of the detector. The introduction of a pro-

" tective electrode, especially when the interelectrode gas is small, is constructionally much simpler for the

plane-parallel system of electrodes. Moreover, with the plane-parallel system of electrodes practically the
entire volume of the detector casing is utilized, making it possible to increase the specific sensitivity of the
detector. ' '
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Figure 1 shows the construction of a KNV-1 vacuum fission chamber with a plane-parallel system of
electrodes. One of the electrodes is coated on either side with a layer of U;O, (90% 23°U) with a thickness of
0.5 mg/cm?, The total area of the coating is 22 cm?, At a supply voltage of 24 V the sensitivity of the KNV-1
chamber, as measured in an F-1 reactor, is 1°10 ~18 A /neutron/ecm? *sec. In the short—cxrcult mode the sen-
sitivity is roughly five times smaller, Measurements of the sensitivity to 89Co +y rays in an EPGU-200 ap-

'paratus-at a voltage of 24 V gave a value of 1-1071°A/R* ™!, The operating temperatire of the chamber is up
to 400°C, In the case of long use in high thermal-neutron fluxes the detector electrodes may be coated with a
mixture of nuclides, which makes it possible to compensate- for the reduction in sensitivity because of burn-up
of the radiator [4, 5]. For monitoring fast neutrons it is necessary to use coatings contammg 2321, 23"Np, or
238U The chamber capacitance is 30 pF. : :

Flgure 2 gives the current—voltage characteristics of the chamber as obtamed at various reactor powers,
A distinctive feature of these characteristics is the fact that the beginning of their plateau is independent of the

radiation intensity. Figure 3 gives the operating characteristics, both of which are linear in the range measured.

The limit of linearity of the operating characteristic of a vacuum chamber with plane-parallel electrodes can
be found from

i=12,33.10-8U3/25/d, = R (5)

where U is the supply voltage of the cha:mber (m V); S, area of the electrode (in cmz), and d, distance between
electrodes (in cm), :

The linearity limit for the KNV—l chamber when d=0.08 cm, S = 22 cm?, and U =24V is about 0.5 A,
The fact that vacuum fission chambers are practically merttaless al].OWS them to be used to monitor not only
steady-state but also pulsed neutron and y-ray fluxes, :
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PHASE DIAGRAMS OF SYSTEMS OF URANIUM TRIFLUORIDE WITH
FLUORIDE OF ALKALI METAL

V. A. Volkov, I. .G. Suglobova, : ' ' UDC 546.791:541,49
and D, ﬁ. Chirkst : .

In the development of new salt compositions for use as a reactor fuel it is necessary to have information
about the phase diagrams of systems with uranium fluorides and about the character of the interaction of the
components, The phase diagrams of the systems UF;—LiF and UF;—NaF have already been published {1]
whereas in the case of UF;—MF systems (M = K, Rb, Cs) only partial x-ray diffraction analysis has been
carried out [2], serving as a basis for the execution of complete differential-thermal and x-ray phase analysis
of these three systems (Figs, 1-3, .Table 1),

Uranium trifluoride was obtained [3, 4] by sintering stoichiometric mixtures of uranium tetrafluoride
and metallic uranium in nickel crucibles in a vacuum. The specimens were kept at 1030-1050 and 1010-1030°C
for 2 h, Finely dispersed m'etallic uranium was obtained by decomposing the hydride. Uranium tetrafluoride

Translated from Atomnaya Energlya, Vol. 47, No. 2, pp. 110-112, August, 1979. Original article sub-
mitted May 15, 1978, :
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Fig. 3. Fusion diagram of UF,—CsF system.

precipitated from the aqueous solution was dried in a vacuum at 400°C in a molybdenum test tube and was pur-
ified by double sublimation at 1100°C, Thermal analyses were performed with an FRU-64 light-beam recorder
with a platinum —platinum-rhodium thermocouple by a method with no reference. The specimens were placed-
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» TABLE 1. Phase Equilibrium in UF;~MF Systems

M=K .M=Rb M‘=Cs:‘ -
Equilibrium 13 153 IS
8| © [Beg ¥ Sl
85| - [EB] « &5
. Eutectic AB 735| 15 (736|112 |671a| 97
Eutectic CD', 730| 54 |622]55 ,|810| 40
[ : . "
Peritectic EF (formationof K,UF,) {848 37 | —{ — | — [' =~
Peritectic GH (formation of MyUyFy] 750 | 48 [700]46;5) — [, —
Peritectic KL (formation of ' ‘ '
“ MF +nUF, n'= 2.3=3) 750 66 |632]60 | — | —
Formation of MUF, by solid-
hase reaction MN 808} 50'|560{50 | — | —
B e formatfon OP 404 5045040 | — | —
Dystectic M,UF 932| 25 [962]|25 |972| 25

TABLE 2. Parameters of Structures of Flﬁoro—uranafés (ITT) of Alkali Metals

: “Type of 1 - . : dx-rays
Qompound System . - structure a, A . . A N g,tmsy
K,UF,- Tewagonal. .. ngYFe [10] . 9:45+0,02 9,5740,02 - 4 3,62
Rb,UF, Ditto K, YF, [10] 9,580,041 - 9,88+0,01 4 4,43
Cs,UF; | Ditto. - . . 8-K,YF, [10] 10,10%0,02. - [~ 10, 7o+o 02 . 4 4,54
K,UF, Cubic CaF, 6,62+0,01 1,8 3,74
K,U,Fg. ,Ditto. | caF, . 6,0040,01, . 0,8 4,67
RbUF, | Hexagonal - .. | RYF, (1] - |  8,5%=%0,01° -} 10,7240,02 6 5,84
3KF.7TUF, Cubic CaF, ) 5,94+0,01 — — —

RbU,F ;4 Hexagonal NHEr,F,, [12] '8,26£0,01 13,39+0,01 4 5,01

in thin-walled copper microcrucibles, set in quartz jackets which were vacuum-sealed, X-ray diffraction
analysis was carried out by the polycrystal method on a URS-50I diffractometer in filtered copper radiation.

Congruently, melting hexafluorouranates (Il) have cryolitelike structures (Table 2). The other fluoro-
uranates (III) crystallize in fluoritelike lattices. In the potassium system, cubic phases of the fluorite type
are common; only KUF, has an ordered low-symmetry structure, as a result of which its x-ray diffraction
pattern is not indexed. In the rubidium system, as the difference-in the sizes of the atoms of uranium and the
alkali metal increase, ordering of the uranium and rubidium atoms occurs and the cubic lattice is distorted.

-The compounds RbU; Fy, and RbUF, have hexagonal lattices which are derivatives of the fluorite structure. As
a result of a further increase in the difference in the size of the atoms of uranium and alkali metal, fluorite-
like phases are not realized in the cesium system. ‘

Thus, as a result of the isodesmic structure of fluorouranates (III) with a UF; content above 25 mole %, .
in this range of compositions there is a reduction in the number, of forms of tetragonal compounds, from four
in the potassium system, to two in the rubidium system, and further to zero in the cesium system. At the
same time, there is ordering of the structure and reduction of the thermal stability (temperature of incon-
gruent melting or solid-phase decomposition) of the ternary compounds which form. This is at variance with
the well-known Gromakov law [5]; according to which the number of forms increases and the thermal stability |
of the complex compounds diminishes, : o ' |

Two groups of exceptions to the Gromakov law can be distinguished.

1, In systems of ternary compounds with isodesmic structure complete reversal of the Gromakov law
is observed (UF;—MF),

2. In systems with an anisodesmic structure of the products of interaction, the law may be reversed for
one of the forms of ternary compounds, as manifested in the congruous form of complexes considered in [6]
(UBr;—MBr [7]).

Reversals of the Gromakov law are characteristic of salt systems on the basis of fluorides of actinides
and lanthanides, which play a significant role in nuclear fuel chemistry.. It is precisely in these systems that
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phases win 1soaesmic SITUCTUTES d4T€ COMmon, 1Ne INeratomic aistances and lonic radil may serve as a
quantitative characteristic for predicting the possibility of isodesmic phases being realized. The U—F dis-
tances in uranium trifluoride are 5 X 2, 36+6%2,70 A the mean being 2.55 A [8]. The radius ry-F in M3UF,
caii be taken to be equal to (1/4)c and calculations then give a mean value of 2.51 4. Assuming a fluorine
-radius of L33 & after Belov and Bokii [9], we can take the ionic radius of UQII) to be 1.20 £0.02 A. Thus, the
sum of the radii, 2Ry, F,.is close to ZRK,F = 2.66 A, which leads to the formation of a large number of iso-
desmic ternary compounds in which ryy, K-F has an intermediate value of 2.59 £0,02 A (calculated from the
parameters of the lattices of 3KF X TUF, and K;U,Fy). It can be seen from the data obtained that with a dif-
ference of ARE,M between the radii of the alkali metal and the complexing agent within the limits 0,2-0,4 A,
ordered fluoritelike phases are formed in EFS —MF systems and ecompounds destabilize in the range of com-
positions from 25 to 50 mole % EFs3, whlle at RE,M > 0.4 A ternary compounds Wlth an 1sodesm1c structure are
-not formed.
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CALCULATION OF PARAMETERS OF SCINTILLATION DETECTOBS
FOR LOW ACTIVITY 4% RAYS

I. F. Lukashin | N ) UDC 551.46.084:539.107.43

Measurements of low concentrations of radioactive nuclides in natural medla are made from the peaks
of the total absorption of ¥ rays. This pertains to both sources of monoenergetic: radiation (*°K, 7Be, ete.) and
cascade y-ray emitters (%1, 1Ly, 2Na, ete,). Inthe first case, the total-absorption peak is determined from
the general y-ray spectrum and in the second case, from the radiation spectrum obtained by selecting coin-
cident y rays recorded by twodetectors simultaneously.

0 1 2 rR

Fig.1. Dependence of relative y-ray flux on size of the ra-
diating volume: X R=2,0; O) R=1,0; ) R= 0.5,

Translated from Atomnaya Energiya, Vol. 47, No. 2, pp. 112-113, August, 1979. Original article sub-
mitted May 15, 1978, '
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‘Lhe construction and use of systems of apparatus forthe study of hydrogeophysical processes by means

+ of fields of nuclear tags requires knowledge of such parameters as the efficiency of reglstratlon of Y rays by
a:detector recording the flux of v rays which effectively irradiate the volume of the medium,

Followmg [1], we replace the cylindrical NaI(Tl) crystal customarlly used with a spherlcal detect%r (of
" radius R of the same volume.* Then, in accordance Wlth [2], the expressxon for the+y -ray flux in the detector
from a spherical layer Ar is of the form .

rear, VERE : T ) :
Caop=nape [ ar { etewr—mer—n o, | - ; O

Y

R iR

where A is the activity of the medium (in y-ray quanta /min - liter) and{ andp are the variahles. of;integration.

Introducing the quantities\d:vnl/(%)z—“i - and p=n»(%;1) and bearing in mind that -

En (n)= “ e~ My gy,

Eq. (1) can easily be rewritten as
A® (1) =2nAp~Sr (R, ()-+85 () — 8, (B)] Ar @

' (tables of the integroexponential function €, (x) of the n-th order are given in[3]). '

The probablllty of ay- ray quantum, formed at a distance r from the detector, appearmg in the volume of
the detector is

P=CI YR, a, B), @)
where ¥ (R, o, B)= RS, B)-+ % (@) —%; ). - o

The total flux of unscattered radiation in the volume of the detector or in the cavxty out of the medium
by the detector is determined by integrating Eq. (2) with respect tor between the limits R and r:

1) (r) nAR-3R {1+— [(e-B_e-“) -3 (‘65 B)—%€: (a))l—2 - (ﬂ)} (@)

In the hmtt as r—+~= the expressxon in braces in Eq. (4) becomes unity and the expressnon for the total radlatlon

. fluxin the. space R in the radiating-absorbing medium u, A becomes

D (oo) AﬂRzp’_s (5)

Equation (5) was first obtamed in [4] by independent methods, -

Inside the isolated cavity.the -y—ray field is uniform and isotropic and, therefore, the radiation flux in a
detector R, located in the cavity R is equal to

D= AntR*p-3RE /nR* = AnREn-s 6)

" and, as was pointed out in [5], does not depend on the dimensions of the protective jacket of the detector, i.e.,
on the dimensions of the cav1ty. The efficiency of the detector is found from the formula [2]

“="‘_u%exp<—zx>1<2m-l, _ W

where A = Rug /i (here ﬁo is the linear co_efficient of absorption of 'y rajfe by the material of the detector).

*Here and henceforth the unit used for measuring the linear dimensions is 1/y, where s is the linear coeffl—
cxent of attenuat ion of radiation in the medium,
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The effective volume of the medium radiating v rays into the detector is found from Eq. (4). Figure 1

shows the plot of the relative radiation flux [expressed in braces in Eq. (4)] intersecting detector R versus
the thickness of the radiating-absorbing layer of the medium (r — R) for various R. The relative flux depends
weakly on the detector size, to the extent of no more than 10% for R from 0.1 to 2. The contribution of the
_Bpliérical layers of thickness 0.5, 1, and 3 tothe total flux is >50, ~75, and > 95%, respectively. Thus, the
“effective radiating volume of the medium for unscattered v rays is bounded by two or three mean free paths
of a y-ray quantum and practically does not depend on the detector s1ze, the perlphery makes a neghglble con-
tribution to the total radiation flux. : :

In order to calculate the parameters of x;egistration of cascade radiation by a system of two detectors
of radius R placed in an isotropic radiating-absorbing medium at a distance of 2 from each other, we use Eq.
(3). For two cascade y-ray quanta with uncorrelated direction of emission the fact that they both enter both
detectors comprises independent events, The probability of detection of a cascade formed at a point at dis-
tances r and r' from the centers of the detectors, therefore, is given by ' -

Py r'=4'(rr)1\1f(n = BY (R o ﬂ‘ L (8

)

and the counting rate of commdences of cascade radlatlon in an active medlum A [pairs of 'y—ray quanta/mm-
11ter] is - -

Dy = AE}y \ Qyy (r YAV ) . : (9)
J .

It thus follows that the efficiency of a detector of cascade radiation is
o | ' - | (10

Numerical ealeulations performed according to Eq. (8) show that the highest counting rate for coincidences
occurs when [/R = 1. The effective radiating volume of the medium is considerably greater than in the case
when monoenergetic radiation is being recorded. The contribution to the cascade-radiation flux from various
spherical volummes of the medium with radii 0.8, 2.0, and 3.6 was 25, 50, and 75%, respectively. Equations (9)

and (10) make it possible to get an idea of the activity of a medlum from the measured commdence -counting
rate. ’
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RELEASE OF »HYDROGEN FROM 0Kh16N15M3B STEEL ON HEATING.

A. G. Zaluzhnyl, D. M. Skorov, o .. UDC 54351
A, G, Zholnin, V., D, Onufriev, I. N, Afrlkanov, ' o : :
V. 8, Tsyplenkov, V, G, Vladlmlrov,._and V. P, Kopytin

Measurements have been made on the release of hydrogen from 0Kh16N15M3B steel during uniform
heating at 20 deg C/min over the range 100- 1000°C w1th a hlgh-vacuum mass- spectrometer system similar
to that prev1ously described [1].

The system was continuously evacuated by a NORD 100 pump, which was connected to the system by a
pipe having a throughput of 1,28 + 0,13 liter /sec for air or 4.8 + 0,5 liter /sec for hydrogen. The use of this -
pipe of capacity much less than the pumping rate of the pump allowed us to estimate the gas release from the
" specimen, The total pressure in the working volume was recorded by a VIT-1A gauge, while the partial pres-
sures of the individual gases were recorded with an IPDO-2A mass spectrometer, Each specimen was com-
posed of foil, dimensions 13 x 13 mm, thickness 0.05-1.0 mm, , :

If a spec imen is not saturated with hydrogen, there is a single peak (Fig. 1) at 350-400°C, and the exact
position of this is dependent on the nature of the material (a similar peak is observed in uniform heating of
technically pure specimens of tungsten, molybdenum, tantalum, cobalt, nickel, or chemically pure iron or
platinum, as well as graphite, ceramic, and glass). The height of the peak is very much dependent on the sur-
face cleanliness (degrea sing with alcohol, electropohshmg, or vacuum anneahng) but not on the thickness of the
_specimen,

, All the gases were recorded during the heating, not ‘merely hydrogen; the hydrogen peak was accom-
panied by peaks at masses 12, 16, and 15. The peak at mass 12 characterizes the yield of CO, while the peaks
at masses 16 and 15 correspond to methane [2]. We determine the amounts of hydrogen and CO released at
this temperature together with the total pressure in the working volume; the main components of the gas re-
leased were hydrogen and CO, while the amount of methane was less by an order of magnitude.

These results indicate that the hydrogen peak is related to the dissociation of hydrogen coinpounds at the
surface of the specimen; this is indirectly confirmed by results [3] on the eﬁ'ects of adsorbed hydrocarbons -
on the desorptlon of hydrogen. :

When the specimens were saturated with hydrogen by electrolys1s, umform heatmg under vacuum gave
a peak below 300°C (Fig. 2), whose posxtlon was dependent on the thickness.’ The height of the peak also in-

i

9 . ! ? —
(100 280 300 400 500 §00 700 00 Te°C

Fig. 1. Release of hydrogen from 0Kh16N15M3B steel during
uniform heating: 1) specimen previously heated under vacuum to

" 1000°C; 2) electropolished specimen; 3) degreased specimen; 4)
specimen without degreasing,

) Translated from Atomnaya ﬁnergiya, Vol. 47, No. 2, pp. 113-114, August, 1979, Original article submitted
- May 15, 1978; revision submitted January 15, 1979,
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» F1g 2. Curves for release of hydrogen from specimens of 0Kh16N15M3B steel
of thicknesses (mm): 1) 0.2; 2) 1.0, saturated electrolytic‘ally with hydrogen and
uniformly heated. ‘

Fig. 3. Release of hydrogen from 0Kh16N15M3B steel bombarded by H2 ions of
energy 18 keV to a dose of 10!® ions /cm?,

creased with the hydrogenation time, This peak is clearly related to release of gas from the blﬂk of the speci-
men. The surface is cleaned by the electrolytlc saturation with hydrogen [4], so the peak at 350-400°C is
absent. . .

Particular interest is attached to the release of hydrogen from 0Kh16N15M3B steel saturated with hy-'
drogen on an accelerator by bombardment with Hi ions of energy 18 keV to a dose of 10'® ions /em?, Figure
3 shows a typical curve, where there is a peak in the hydrogen release at 650-700°C, which is different from
that for unexposed specimens, The release of hydrogen is not accompanied by the rapid release of any other
gas. It is found that about 2 -1 05 hydrogen atoms are released, This peak is also observed on heating the
specimen a few days after the bombardment or several months later. It seems likely that the bombardment
produces additional hydrogen traps.
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BACKSCATTERING COEFFICIENTS OF ELECTRONS

G. B. Radzievskii UDC 539.12.124

The backscattering coefficient, or the number albedo &(Z,Eg, 0y, for saturation conditions is the ratio of the
number of electrons scattered from a thick flat target to the number of electrons incident on the target. Here
Z is the atomic number of the target material, E, is the initial energy, and 6, is the angle of incidence of the
_.electrons. At the present time relatively complete and reliable information on the function €(Z, Ey, 09,) exists
in the literature for wide ranges of Z and E; values only for normal incidence of the beam (6, = 0) {1], while
data for oblique incidence of an electron beam are sparse and relate mamly to low E; (tens of kiloelectron
volts).

The simplest way to obtam the missing values-of € is to use the geometrlc similarity of the fields of
scattered electrons for certain combinations of Z and E¢. Harder [2] showed analytically that for moderate val-
uesofE; (~0.1 MeV) solutions of the transport equation have similarity properties for fixed Z and variable
E,, and for highE j,(~5-30 MeV) for fixed Ey/Z. It was pointed out earlier [3] that for highE,, € depends only
on Ey/Z, According to Harder [2], the scaling length in similar fields is the mean range R;. The similarity
- of the fields of scattered electrons was shown in [4] by geometrlc arguments and also empirically, The com-

. bination of those points Zj, Eyi for which the conditions of approximate similarity of fields are satisfied was
shown explicitly in the form of so-called isolines, and arguments were presented indicating that the scaling
leng‘th is not quite proportional to R;.

It follows from'[4] that for fixed values of 6, and those combmatlons of Z and E0 which lie on one isoline
the values of € and a number of other characteristics of the radiation field must be equal to one another, T hus,
knowing the function €(Z, E,, 6,) for a certain value Ey = Egn (and many values of Z), the values of this function
-can be found for other,values of E, (and a number of Z values), It is most suitable to apply this- method of
estimating the characteristics of an electron radiation field for small values of Ejn.

By using values of & from [5-11] for a wide range of values of 8y, data can be obtained for the most.
interesting range of smallE, (~0,01-0.1 MeV) [6, 7], where ¢ is practically independent of E; [1]. We denote
~ such stationary values of €(Z, Ej, 6,) for E, of the order of 10 keV by £y(Z, 6y). In [5] smooth relations. £(E )
‘were measured in the 0.4~1.4 MeV range for a number of values of 8, and Z = 13, 29, and 73, and by extrap-
olating them €¢(Z, 8y can be calculated, :

Stationary values of €(Z, 6y) [5-7] are shown in Flg. la, Slnce they refer to partlcular values of Z, and
for subsequent calculations the values of € (Z, 6,) are required for any- values of Z, we approx1mate the data
of Fig. 1a by the emplrical relation .

b0 (Z, 0) =11 +a (2) X (0" P) oxp (= (2) X (O] -
Y=3.008Z-" 05-3 . : (1)

where X(8,) = 1= 26,/r, and &(Z) and y(Z) are shown in Fig. 2. The choice (1) takes account of the fact that
e— 1as 0, —~ 7/2 [12]. _

The function a(Z) is related to the albedo for normal mmdence a(Z) = &(Z, 0) expa =~ 1. Taking as
. Ey(Z, _0) a function averaged over data from [4-11], we obtain the curve a(2) in Fig. 2, The values of ¢y(Z, 0)
calculated by Eq. (1) are shown by the open curves of Fig. 1a for the corresponding values of Z. They are not
in bad agreement with the published values of EO(Z 8g). The mean-square deviation of the calculated values
from the published data is ~12%. "

According to [4] the albedo for any value of E; : and any Z (so long as these Z and E; values are included
in the family of isolines) can be estimated from the relation &(Z, Ey, 0y) = g(Z', 0), where Z' is the value of
the atomic number for which the points (Z, Ey) and (Z', 0) lie on one isoline, The function S(Z Ey, 84) can be
estimated by Eq. (1) by using Z' instead of Z,

Translated from Atomnaya Energiya, Vol. 47, No. 2, pp. 114-116, August, 1979, Original article sub-
mitted May 15, 1978,
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Fig. 1. Backscattering coefficients: a) €, A, calculated by the Monte Carlo meth-
od [7] for E; = 20 keV and Z = 4, 13, 29, 47, 92; —, experiment [6] for E; = 25
keV and Z = 4, 13, U4, 29, 32, 47, 79, 92; +, ®, O, g, for Z = 13, 20, 73, respectively
[5]; b) €1 MeV), +, @, O, € for Z = 13, 29, 73, respectively [5]; A, O,forZ = 5,6,
and 47 [10]; ¥ for Z =13, 42, and 79 [11]; x for Z = 7.2'and 13 [8]; ® for Z = 13 [9];
c) € (1.4 MeV), +, & O, for Z = 13, 29, 73 respectively [5]; x for Z = 7.2 and

13 [8); d) & (4 MeV), X, for Z = 7.2 and 13 [8].
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Fig. 2. The functions ¢(Z),

«(Z), and y(Z) appearing in
Eq. ).
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The results of such estimates of ¢ are shown in Fig. 1b (Eq=1MeV), 1c (E; = 1.4 MeV), and 1d (By =
4 MeV). The functions €(Z, E;, 6,) calculated by Eq. (1) (open curves) are compared with sparse experimental
values [5, 10, 11] and the values of € calculated by the Monte Carlo method [8, 9] for oblique incidence of an
electron beam, Agreement of the values calculated from Eq. (1) and the published data here is approximately
the same as in Fig. 1a (the mean square deviation for Figs. 1b, ¢, and d is ~ 14%). The use of similarity prop-
erties (family of isolines) does not introduce further errors into the values of €, and thls certainly canbe
considered another confirmation of the conclusions of [4].

"The determmatlon of the albe‘do when the electron flux incident on a thick target is not monoenergetic
or monodirectional reduces to the integration of the functions £(Z, E, 6,) with respect to E, and 0,. In particu-
lar, it is easy to calculate the albedo for an isotropic source (€jg) and an isotropic flux (€if):
:.:/2 | ' '
eig= S € (Z, Eq,)sin 8, dby;
)
a2 . ’
Bip=2 S (2, E,, 6,)sin 8, cos 6, 40,. -
0 . '

@)

The results of the calculations are given in Fig. 3.
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MEASUREMENT OF WATER AND STEAM FLOWS IN A SEALED VESSEL

V. N. Maidanik, L. N. Mitrakov, S UDC 621.039.534.44
A, P. Proshutinskii, A, G. Tolmachev, .
"'Yu. A. Favorin, and V, K, Shanin

Few results have been published {1-7] on the nonstationary escape of water below the boiling point, and
flow-rate measurements have been reported only in [7]. So far as we are aware, no combined studies have
been performed on the escape of coolant and the condensation of steam in a closed vessel.

A testbed has been built (Fig. 1) at the Energlya production organization. The drum containeda metal
baffle of height 1.5 m together with dry condensers, which were composed of ceramic rings., The effects of
the drum walls on the condensation of the steam were minimized by insulating the wall with a layer of foam
plastic and an outer plastic case., A fast valve opened the full area of the exit pipe for the water within 0.01-
0.02 sec, Tubes of diameters Dy of6, 10, and 15 mm and length 318 mm were installed in such a way that the
inlets were directly in the pressurized section and the outlets were in the mixing chamber.

The initial condifions were provided by an electric heater within the pressurized tank, The flow of es-
caping liquid was determined with strain-gauge balances from the mass M(7) as a function of time.

Measurements were made of the pressure and temperature in the pressurized tank and drum as func-
tions of time, and also of the temperatures of the ceramic rings within the baffle section., The error of mea-
surement for the pressure was not more than 3%, while that for the temperature was not more than 2%. The
overall relative error in measuring the escaping mass at the start (r = 2.5 sec) was 11%, while it was not
more than 5.5% over the rest of the range. The measurements were made with an initial pressure of 12 MPa

l—
— 6
/| Hh -
>,
/ ’ AT 1
XA %
RPN .
, &/ :‘fi\\2
'_ .

s A

Fig. 1. The system: 1) receiving drum of volume 3.4 m?; 2) dry-con-
denser baffle; 3) expansion chamber of volume 20 liters; 4) fast valve;
5) pressurized vessel of volume 80 liters; 6) feed water (P =12.5,t =
104°C).

Translated from Atomnaya Energlya Vol. 47, No. 2, pp. 117-118, August, 1979. Original article .sub-
mitted June 5, 1978,
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G, kg/sec

) . » . 30 40 1, sec
Fig. 2 _ ' Fig. 3
- Fig. 2, Pressure change in pressurxzed drum for ty = 300°C Py = 12 MPa, and Dy =15

" mm for tube in the lower position (sohd line), middle position (broken lme), and top
pos ltlon (dot—dash lme)

E Fig ‘3. Flow of steam—water mixture at t = 300°C and Po =12 MPa; 1) flow of saturated
water calculated from [10]; 2) our experlments' 3) flow of dry saturated steam calculated
from [11]

P MPaT "

Fig. 4. Pressure as a function of time in
the receiving drum for Py = 12 MPa and
to = 300°C.

and a temperature of 200-300°C for three positions of the escape tube within the pressurized drum The dif-
ference between the working temperature and the saturation point was 25-125°C in the various runs.

Figure 2 shows the time course of the pressure in the drum for a fixed tube diameter and identical ini-
tial water temperatures but various positions of the holes, At the start of escape, the pressure falls below
the saturation pressure for the given working temperature, because there is some delay in the boiling, which
is metastable. In all cases, there was a characteristic kink in the curve relating the pressure to the time,
after which the absolute value of the pressure g'radlent increased. ThlS form of behavior has been reported
prev1ously [, 8].

There is a clear-cut interface between the heat carrier and the water—steam mixture, as is clear from
the measurements on p(7) and M(7). In the case of escape from a tube at the bottom, the kink in p(7) appeared
before the level fell to that of the tube. This evidently occurred because the rising steam flux breaks up the ‘
- water. The M(7) curves show that the amount of material escaping increases with the tube diameter.
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The observed.G(t) derived from the M(7) curves may be compared with the flow rates for satlirated
water calculated by the method [9] and also with the critical flow rate for dry saturated steam in a pipe [10]
(Fig. 3).

At the start of the escape, the measured flow rate for the saturated water agrees satisfactorily with the
-calculated value; as time passes, the steam content at the inlet increases, and then the measured flow rates
become much less than the calculated values, It is impossible to estimate the effects of the input steam content
on the flow rate for saturated water because no measurements were made on the steam content in the vessel,
The curves approach those calculated for dry saturated steam withthe passage of time, which indicates an in-
creasing steam content. Calculation of the steam condensation rate requires a knowledge of the flow rate on
entry to the sealed vessel, which was determined from the heat balance on the assumption that the process is
equilibrium and of isoenthalpic type, whereupon the observed M(r) and p(7) can be used.

Figure 4 shows the time course of the pressure in the drum; the experiments were performed under
identical initial conditions. Curve 1 shows the pressure change on flow into an empty ve ssel fro m the middle of
the pressurized vessel, while curve 3 isfor éntry to a drum containing ceramic rings. This filling substantially
reduces the maximum pressure in the drum (from 0.28 MPa excess to 0 .08 MPa). The evidence thus points to
addltlonal condensation of the steam as the ceramic rings are heated.

Curves 2-4 (Fig. 4) show the pressure variation in the drum for the given temperature and for pipe
diameters of 15, 10, and 6 mm respectively. The delay in the start of pressure rise (particularly noticeable -
for Dy =6 1151m) is related to the heating of the pipe. :
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. NONDESTRUCTIVE METHOD OF MEASURING THE .
ACTIVITY DISTRIBUTIONS OF SOURCES.

V. N. Groznov,; V. M, Kotov, i UDC 621.039.546:543;52(0.88.8)
V. V..Paramonov, B. V, Sorokin, - - S - . : Co
and Yu. S. Cherepnin- '

Measurements of the activity distributions of various sources by nondestructive methods are necessary
in solving many practical problems of reactor and radiation engineering, radiology, and well radiometry. The
application of y scanning with a collimated detector without allowance for the "inleakage" component and the

_ shape of the distribution of the activity under measurement was described in [1]. When the inléakage is taken
into account, it becomes necessary to solve a Fredholm integral equation of the first kind. In [2] Timonov "
and Tanana considered the method of reproducing the detailed distribution of the activity from the measured
intensity of the y rays by finding an approximate solution of the Fredholm integral equation on the basis of the
regularization method of Tikhonov {3]. Implementation of this method necessitates choosi mg a regularlzatlon
parameter, simulating the process of recording, and calculating trial variants. ‘

In the present paper we propose a method of transformmg the Fredholm equation by writing the kernel
~of the equation in the form of a matrix of contribution coefficients which can be determined experimentally
for a known source geometry with an accuracy that is sufficient for obtaining a steady state solution in most
cases,

Let us consider.the measurement of the height component of the distribution of y-ray activity in a cy-
lindrical source, The relation between the specific activity Q( z') of the source and the recorded v-ray inten-
sity N(z) is written in the form of a FFredholm equatlon

H .
N(z)::'S Kz )0 (z') &, -
0. - .

)’

where H is the helght of the source and K(z z') is the detectlon eﬂ:'lclency for vy rays created at the point z'
by a detector set up at the point z, :

The mtegral of Eq, (1) will be rewriten as

Ny= 2 K,-j()j. i=1, ....n ' : i o (2)
=1 . . .

i . ) .
where @;= { ¢ ()dr is the activity of the j-th section when the source is divided into n parts, & = /i/n; Ky
G=1h v :
Jh
(; 3 Q () K (z, 2y dz’ isthe contrlbutlon coef_flment whlch represents the detecti ion effwlency for v rays from
i
(J—1)h .

the j-th section when the detector measures the radiation intensity of the i-th section of the source.

The actlv1ty distribution over the source is found by solving the system of linear equations (2) which

" has n? coefficients Kij. If the detection efficiency K(z, z') depends only on the distance between the points z
and z', which is the case when the material of the source is symmetric about the axis of the collimator and
unifol'xn with respect to z', then the number of different contribution coefficients is reduced to n. In practice,
the number of significant coefficients is usually less than n, which substantially facilitates solution of the sys-
tem (2). The contribution coefficients can be found experimentally by using a source with a known activity
distribution and with the same y-ray transfer characteristics as in the source under study. :

Translated from Atomnaya»énergiya, Vol. 47, No, 2, pp. 118-119, August, 1979. Original article sub-
mitted June 20, 1978; revision submitted December 11, 1978,
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‘Fig. 1. Energy distribution over height of
fuel channel: O) measured, —) calculated
by contribution method.

The method described hére was used in practicé in studying the energy distribution over the length of
the fuel channels of a reactor. The contribution coefficients were determined with the aid of fuel channels
with demountable fuel sections, one of which was irradiated in the uniform flux of the reactor. The counting

rate for determining the contribution coefficients was measured near the interface between the irradiated
and unirradiated sections of the fuel channel.

In the investigations it was possible to quite accurately determine the boundaries of the active zone of
the fuel channel, to reveal the characteristic features of the energy distribution at the boundaries of the active
zone resulting from the existence of end-type reflectors, and t more accurately determine the Jjump
in the energy distribution at the boundary of zones with different concentrations of fiss ionable isotopes (see
Fig. 1). The proposed method of establishing the distribution of activity by experimental measurements of the

contribution coefficients is melemented quite simply in computer calculations and can be employed in solving
a broad range of problems.

In conclusion, the authors thank V, M, Talyzm for assistance in discussions on the techmque and re-
sults of measurements.
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RADIAL MOTION OF PLASMA FILAMENT IN
TOKAMAK THERMONUCLEAR MACHINE

V. S. Manullov -  UDC 621.039.623

One of the central problems in building tokamak thermonuclear reat_:fors at the present time is that of
ensuring insulation of the plasma filament from the walls of the discharge chamber, This problem is being
tackled by developing a special system for stabilizing the parameters of the plasma filament, A system of
this kind cannot be designed without an analysis of the dynamic properties of the individual elements com-
prising the thermonuclear reactors, including the plasma filament itself.

In [1-3], which dealt with the problems of the dynamics of plasma filaments, use was made of similar
models of the plasma filament which were based on the following system of relations.

1. The equation of the balance of forces acting on the plas'n{apfiﬂl'ametit‘ in the horizontal pl:'.'ne.' '

2. The relation between the discharge current i and the major radius r of the plasma filament [i, = .
. ij(ry/ry) Pfor —1= u= 0] isa consequence of the condltlonoftheconservatlon of the polondal magnetlc ﬂux .
. through the circuit formed by the plasma filament. :

3. The ratio between the major and minor radii, r and 4, of the plasma filament [a; = a;(r, /r1)1 forl =
0.5} is a consequence o_f the condition of the conservation of the toroidal magnetic flux in the plasma filament,
(Subscripts 1 and 2 refer to different states of the plasma filament.)

Furthermore, the system of relations was taken to include t__hé balénce'equation for voltages in some
structures of the machine and account was taken of the mutual inductive couplmg of these structures. In this
case the interaction of the plasma-filament current with the vertical component by of the magnetlc field was
cons ldered

The plasma filament model based on the above relatlons is correct for piasma filaments with a small
slope (a/r << 1), The relations listed above do not take account of the ohmic resistance present in the filament
and the total poloidal magnetic flux setting up an eddy-current emf in the circuit of the plasma filament, The
purpose of the present paper is to study the properties of the plasma-filament model.

v _Equations of Plasma-Filament Dynamics, Linearization of the Equations, Schematic Diagrams of
Plasma Filaments, The equation of balance for voltages in the plasma-filament circuit is of the form

d¥, :
Eaies SN | W

where ¥; = Ll is the flux linkage due to its inductive propertxes \Ife is the flux linkage of the plasma filament
as the result of currents flowing in the elements of the machine construction, U = U(i) is the voltage drop
across the active resistance of the plasma filament, the magnitude of this drop depending on the discharge
arc current, '

8r: li- ’ ' 7 '
Li:uor(1n7—2+—2—) @)
is the inductance of the plasma filament [4], i is the internal inductance of the plasma filament, hereafter

assumed to be constant, and py = 1.256 - 10~ (H/m).

The equivalent electrical circuit of the plasma filament, shown in Flg. 1, corresponds to Eq. (1). The
result of linearization of Eq. (1) with allowance for Eq (2) and ¥ = \Ile(r t) with subsequent application of
the Laplace transform is of the form

\

Translated from Atomnaya Energlya Vol 47, No. 2, pp. 119- 122 August 1979. Original article sub-
mitted June 20, 1978,
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Fig. 1. Equivalent elec- Fig. 2. Current—voltage character-
trical circuit of plasma istic of active resistance of plasma -
filament. ) filament [R} = (8U/081)°].
8i= [y /(810 +1)] Ueyd0 -+ (kg — k) BB, (2, 1)] P, o @)

where 6i, dr, 6a, and 6¥e(r?, t) are the increments of the corresponding variables, k; =1 /Rd' k, = 11'9/ w%a%,
ky = (9% /0r)° = 27r%0S;, and ky = (1 + 1/w°) ¥} /r’ are the coefficients of the transforms, 74 = L°/B?i is the
electrotechmcal time constant of the plasma fllament w’ = In(8r%/a% — 2+ 12, Rod (9U /8i)? is the dynamic
resistance, which is determined by the slope of the current—voltage characteristic of the active resistance of
the plasma filament at the operating point (Fig. 2), and p = d/dt. (The superscript 0 denotes the parameters of
the plasma filament in the equilibrium state, relative to which the linearization is carried out,)

The balance equation for the forces acting on the plasma filament in the horizontal plané is of the form

dr _ pei?

Mdtz“ 2

z—2nriby

4)

where M = 2n2rp,a®2 Nm is the mass of the plasma filament; m, molecular mass of the gas; z = In(8r/g) + B +
(1i—3)/2; N, concentration of molecules of the original gas in the liner; 8, ratio of the mean gas-kinetic pres-
sure in the plasma filament to the pressure of the poloidal magnetic field of the discharge current; and TL and
al, major and minor radii of the liner. Henceforth, g will be assumed to be constant,

The first term on the right-hand part of Eq. (4) represents the radial forces, which increase the major
radius of the plasma filament [4], while the second term represents the force of the interaction of the plasma-
filament current with the vertical component by of the external magnetic field,

The distribution of the vertical component of the magnetic field in the XY plane (Fig. 3) is described
approximately by

by = b, (r/r)n, ' 5)
where n <0 is the coefficient of decay of the vertical magnetic field.
Linearization of Eq. (4) with account for Eq. (5) with the subsequent application of the Laplace transform
leads to
r= (el (ksBby 1, — kBi+ krb), ®)

where 0by1, is the increment in the vertical magnetic field at the center of the liner, T, = Mr'/Fl Gl )% is
the time constant of the plasma filament owing to its mass, k5 =10/ + |nlA® /rﬁ)bOVG ke = r'/i%G, k; = r'/a"2'G
are the transform coefficients, bl = 1,i%°/47r? and F = 27%%Y;, G =—n—1+ 1/z0'and A® = r°—rL.

Equation (6) was obtained with the assumption that the inequality (r° —ry)/ r'« 1 is satisfied.

The condition for the conservation of the toroidal magnetic flux in the plasma filament is of the form

bpa?=const, 4 . (N
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of plasma filament,

where b is the value of the induction of the toroidal magnetic field at the center of the ¢ross section of the

plasma filament,

" When the well-known relation bt = br1,rL/r Eq. (7) after linearization can be rewritten as

- where k; = ¢° /21 and ky = a?/2b%..

02 = kgbr—kobby 1,
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The block diagram of the plasma-filament model, with account for Egs, (3), (6), and (8), is shown in Fig, -
4, '

Analysis of Plasma-Filament Stability, Reaction of Plasma Filament to Perturbations. Solvmg the
system of Egs. (3), (6), and (8) for o1, we get

6r=[Ki/N (p)] [K,Q (P) Obxr.— K3 M () Sby 1+ pE¥, 1, (9)

where

Ky= —kyko/(l—koke); Ky=kyko/kiks;

. Kg==lkes/k1kq;
N (p)=Asp3+A,p*+ A1p+1;
M{p)=1p+1, Q(p)=bp+1;

=Ty (kg — o+ Foks) kyke/(1 — krkg);
Ap= /(1 —kqkg); As=Ty 1 —kzks);
b=ty ~Kk kokg/k.

The block diagram corresponding to Eq. (9) is shown in Fig, 5.

It can be shown that the stablhty condition for this expression, in accordance with the HuI'Wl.tZ criterion,
consists in satlsfactlon of the inequalities

n> —141/(229); ' . (10)

R} >0; _ ‘ 11)
(9¥,/0r)° < 0, , _ ' 12)

where Vg = Yo — ¥,

Condition (10) is much the same as that obtained in [1]. Condition (11) means that the stability of the
plasma filament is possible only on that branch of the current—voltage characteristic of its active resistance
which has a positive slope. Condition (12) means that for the stability of the plasma filament it is also neces-
sary that the resulting flux linkage ¥ through the plasma-filament 01rcu1t dlmmlsh Wlth an increase in the
major radius of the filament.

In the approximation of @ » ¢; and w > 0, the change in the major radius of the plasma filament under
a jump increment in the vertical magnetic field, ébyy, = kﬂo%,L h{t), is of the form

8r (1) m 1 [1 4 (—1+R) 0% — R ™% cos wt], ‘ (13)

where kf is a coefﬁment specifying the increment GbVL,h(t) =0fort<o and ht) =1 for t =0 is a unit step
function, ére = kfbVKlK;, is the steady-state valueof the increment in the major radius of the plasma filament,
w is the angular velocity of the natural oscillations of the plasma filament, R = 7, A0%A, is the normalized am-
plitude, and ¢y and g, are the attenuation factors for the aperiodic and periodic components, respectively, of
the transient process.,

Numerical Estimates, Analysis of the Plasma-Filament Motion, Below arenumerical estimates of the
expressions obtained above, as calculated for the nominal operating modes of two machines:

Tuman=3 T-10M

i, kA 170 1,6.10°

", om . 0.55 2.3

o, m . 0.24 0.75
oL 0.5 1

B v v v v . 0.36 1.

oo, v 2.5 1

brL, T 1 3.5
B 0.5 —0.5

ki, Q7 0.68-10° 1.61-10°
kg, Wb/m 0.489 6.2

kg, Wb/m 0.216 3.24

%4 Wb/m 0.461 5.46

ks, m/T —0.19-10¢ —52,48
ke /A —0,698.10-3  —0.762.10-5
kg oot . —245 —5.14

ks i 8'253 8'183

kg, T. A A

4} sec, 0.175 16.0
A,,5ee 0.124-10-10  0.109.10-10
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Agsec® . . . . 0,676.10-12  0.866.10-19
K,m/V.. .. 0872 . 6.69
K, V/IT ... 0.619 0.446.10-1
s Ko V/T,. . .. 40.0° 4.28 ©
- 1y sec_;. ... 5T 0.624-10-1
: S o, 88C™, . .. 633 - 0:320-10-
o,sec”l. . . . 0.509-10° 0.430.108
R . ..... 0.311 0.494
Ty, 88, . . . 0.544.10% 7.91
g, sec ., . .. 0.676-10-? 0.2-10-10-

R From these data as well as from Eq (13) for the tranSlent process 11: is seen that the motlon of the
plasma filament from one equilibrium position to another is advisably considered to consist of two stages:
a practically instantaneous-transposition of the plasma filament to an intermediate position with a relative
amplitude R and a relatively slow transposition, accompamed by oscnllatlons to a new equilibrium position
with a relative amplitude equal to unity. '

The initial transposition R, as well as the attenuation factors 61v and oy, characterizing the degree of
“inertia of the plasma filament, are highly dependent on its initial parameters.

Conclusions, The pre sentpaper gives the results of the elaboratlon of a mathematlcal model of the ra-
- dial motion of the plasma filament in tokamak thermonuclear machines with account for its ohmic resistance
as well as the total flux linkage of the circuit formed in the plasma filament. At the same time, no account
~ was taken of the effect of the metallic structures of the machine on the-radial motion of the plasma filament.
A significant limitation on the applicability of this model is the requirement of a small slope for the plasma
" filament (a/r =1). Under these conditions it has been shown.that the motion of the plasma filament from one
equilibrium position to another under a change in the vertical magnetic field is of 2 complex nature. The pa-
rameters of the elements of the motion depend markedly on the initial characteristics of the plasma filament.

Analysis of the plasma-filament model for stability led to easily interpreted conditions, one of which
had been known earlier. For present-day tokamak machines whose plasma filament has a high slope (a/r =
1/3) the results of the study can be rather of a qualitative than a quantitative character. In the case of ex-
perimental confirmation of the properties, however, it is desirable to use the present model in de51gnmg sys-
tems for stabilizing the parameters of the plasma filament and in modern tokamak thermonuclear machines.
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OPTIMAL FLATTENING OF TWO-DIMENSIONAL
ENERGY DISTRIBUTION

R. A. Peskov UDC 621.039.51

We consider a cylindrical reactor of radius R — 6 and height 2(H — 6), where 6 is the aug‘mentatlon dis-
tance. The ll‘lltlal equations are of the form

AQ+n2p=0;, ®=k"—1; S
Q(—z, N)=9(z r); @H, =9 R)=0, ‘

where z, r are the cylindrical coordinates measured in units of neutron migration length (z = 0, r = 0 is the
center of the reactor), and ¢(z, r) is the one-—group neutron flux., It is assumed that the material parameter.
»? and the neutron-multiplication factor k= depend on the coordinates whereas the transport cross section and
the neutron migration length do not. The energy-distribution density q = K ¢ is determined by profiling k®,
The problem consists in finding the function k°(z, r), with the constramt k°°< k , which minimizes the coeffi-
cient of volume nonuniformity of the energy distribution:

. R-6 H-8 o
=(R—98)2 (H—0) Iznaxq(z, r)/ S S 2rq (z, r)dz dr. o 2)
T o0 ‘ S
We consider the case of separation of variables:
¥ (z, r)=M @) +A3 ) @(z N)="P1 (2} P, (r); ' : )
Shopate—0 B —yan=o @
2.
dd:liz + 1 d‘Pz 7\.%1172:0; ¢2 (R)— dllﬂz — 0=0, . (5)

where Azi\lli is, respectively, the component of the material parameter and the neutron flux distribution with
respect to the i-th coordinate (i = 1 ~z, i =2 ~r). In this case; the energy distribution can be written as:

0 N=f @ (VW (5 1) W= — AR ' -6
B =14A% f=kPyy; =1, 2, . ™

TABLE 1, Continuous and Two~Step Optimal
Profiling of One-Dimensional Reactors (R =

H=17;0=1,2) »
Continuous Two=step
i Pied
1 L, m b giu bia L h?l) ' g?

6 4,02 {1,072 3,52 1,02 | 1,123
2 3,50 | 1,140 2,99 1,02 | 1,148
8 2,41 11,188 2,11 1,02 | 1,212

2 1,28 4,54 | 1,001 4,01 1,065 | 1,190
1,20 3,77 | 1,192 3,28 1,05 | 1,256
1,16 3,06 | 1,304 1,64 1,05 | 1,361

Translated from Atomnaya f::nergiya, Vol. 47, No. 2, pp. 122-123, August, 1979, Original article sub-
mitted July 4, 1978,
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Fig. 1. Dependence of K{; on 2} ,, for various
cases of synthesis of flattened two-dimensional
energy distribution (R = H=17, 6=1): «) con-
tinuous profiling; 4 X ;) number of zones over

. height ;) and over radius (lz), 1:=2,3, =2,
3;—) k°° =1,33; ————) km 1 42

where fi(z) and f,(r), respectively, are the energy—dlstrlbutlon curves in the plane problem (4) and rad1a1
problem (5) w1th multiplication factors ky 1 (z) and kz(r)

Ifk°=<1.33, then1 - W 50-.002 and with an accuracy acceptable for practice it can be assumed that W =
1 and Ky = g;8,, where g, and g,, respectively, are the coefficients of nonuniformity of energy distribution over
the height and radius (to be more precise, over the base), obtained in problems (4) and (5). In the case of

"separatlon of variables, flattening q(z, r) requires flattening of the distributions fi(z) and f5(r). The minimized

value gl of the coefficient gi, i=1, 2, is determined with a glven method of profiling the largest k’° m of the
coefficient k°° or, what amounts to the same thing, )\ k1 m— 1. The limitation. ,Z =1+ m+2bm
(the equlvalent km 4+ k5m = k% + 1) indicates that the coefﬁment of nonuniformity, KV g, is a fcnction of,

e.g., only A2 ,m (or K m)

A distinction is made between contmuous and stepped (zonal) optimal profiling of the multiplication
factor. Inthe problems under consideration, a continuous distribution. of the energy release with a maximum
value constant over the central region of the reactor corresponds to the first case, Inthe second case, the
flattened energy distribution curve f;(z) or f;(r) suffers a discontinuity at the zone boundaries where, as a rule,
it has the same maximum density of energy distribution as at the center. With continuous flattening, the re-
lations k(z) and k,(r) within the limits of the central region are of the form

k2 (2)=[1-=y; (z) (1~1/k;’j’,,,)/yi N =<h;
plate —i=1, y, (z)=chaz, z=.z;
cylinder —i=2, y, (z)=1, (=), z=r,

where I is a zeroth-order modified Bessel function. The coordinate b is determined by the condition of
criticality which is obtained from the requirement of continuity of the neutron flux and current at the boundary
of the region (x =b, k7% l(X) K i,m). The results of calculations on the flattening of a one-dimensional energy
distribution are given in Table 1, where bj 4, k l 1 (i =2) are, respectively, the coordinate -of the outer boundary
and the multlpllcatlon factor of reactor zone 1 of type i.

The case of the separation of variables makes it possible to examine a large number of two-dimensional
fields q(z, r), synthesized in terms of the flattened one-dimensional fields f;(z) and f,(r) in accordance with
Egs. (4)-(7). Examples of the dependence of the coefficient of volume nonuniformity, K%, = glg), on the height
component of the material parameter of the outer "corner" zone (3, = A%, + AL, = const) are glven in Fig. 1 for
various methods of profiling a cylindrical reactor of infinite height. An increase (decrease) in 7\1 m leads to a

" decrease (increase) in g and is aor'ompamed by opposite changes in )\2 m atnd‘él respectively, which explains
~ the presence of the minimum in K¢ (7\1 m* A reduction of k makes’ the optimum more distinct. For a mini-

mum at H/R=0.95 +0.05 (using the example of several reactors) the following relations were found:

7”‘1‘ m—l"l, /2 ”an_I‘M/'?"*‘ /3 2,m—2k°°’3+1/3
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They make it possible to find the proﬁlmg law k™(z, 1) =k, 12+ k,¥(r) — 1and to synthe size the optimal
two-dimensional energy distribution in terms of the tabulated solutions of Qne-dlmens;onal flattening problems,

X-RAY FLUORESCENCE ANALYSIS OF URANIUM IN WATER
WITH RADIOISOTOPIC o SOURCES

S. M. Brodskii, 8. V. Mamlkonyan, - : 'UDC 543.422.8.002.5
‘and V. I. Filatov ' :

X-ray fluorescent analysis of uranium in solutlons with the excitation of photon radiation has a sensi-
tivity of 1073-1074% [1]. In the present paper we consider the use of radioisotopic @ sources to determine the
uranium content in water in the range of concentrations from 107° to 107°%. The energy of the a particles
from the sources does not exceed 5-6 MeV and the external flux is 108-10° particles /sec, With such param-
eters of the exciting radiation high sensitivity can be attained only in analysis by the M series of the charac-
teristic radiation of uranium [2].

The experimental apparatus is shown in Fig. 1, The measurements were carried out in a chamber filled
with helium at a pressure close to atmospheric. Four sources based on 2%Po with a total activity of 50 mCi
excited characteristic radiation in the target, 1 cm from the active surface of the sources. The average energy
of the o particles which traverse the hermetic film of the source is 4.9 MeV. All of the parts of the device
on which o particles can impinge were made of Plexiglas, In order to reduce the background, The x radiation
of the target was recorded with a Si(Li) detector with a beryllium window that was 8 pm thick and had a sensi-
tive area of 12.5 mm?. The distance between the target and the sensitive area of the detector was 2 cm.. The
detector and the spectrometric channel ensured an energy resolution of 170 eV at the 5.9-keV line. The x-ray
spectra accumulated in the memory of a multichannel analyzer were: processed-on a computer, The pulse-
height distribution was approximated by Gaussian functions and a fifth-degree polynomial, A program written
in FORTRAN IV made it possible to find the number of pulses in each photopeak of the characteristic radiation,
The time taken to process one spectrum on an ES-1033 computer was no longer than 20 sec. The relative in-
tensity of the genuine spectral lines of the M series of uranium (Fig. 2) was determined on the basis of this
program, The ratiosofthe intensity of the Mg, My, and Mg lines to the intensity of the M, line are 0. 59 0.06,
and 0.05, respectively, without allowance for the detector efflmency.

The spectrometer was calibrated with solutions of uranyl nitrate U0, (NOg3), in distilled water, The an-
alyzed targets were prepared by evaporating 1 ml of solution from a Dacron-type film 1 um thick. The sur-
face from which evaporation took place was in the form of a disk with an area of 1 cm?, The uranium concen-
tration in the water was chosen to be 0.5to0 10 ug /ml, which corresponds to a uranium content of 5+10-7 to
107% g/cm? on the surface of the target. With a channel width of 40 eV in the multichannel analyzer this en-
sured the necessary accuracy in processing spectra in 2000 sec. The number of photons Ny, in the peaks of
the characteristic radiation of the uranium M series, recorded by the detector when o particles traverse a
target containing My g uranium/cm?, can be calculated from

Ny=(6.02-10%/ 4p) (Q/4m) noywyey My, _ _ @

where Ay is the mass number; oy, total ionization cross section (cm?); w U, fluorescence yield for the M shell
of uranium; &y, registration efficiency of the detector; and €, solid angle between the target and the detector.
If is assumed that the distribution of the analyzed substance over the surface of the target is uniform and that
the absorption of characteristic radiation in it can be neglected. The experimental dependence of Nyj on the
uranium concentration is given in Fig. 3. The considerable scatter of the points about the linear calibration
curve predicted by Eq. (1) indicates nonuniformity of the uranium distribution over the surface of the target.
An effective way of taking account of the influence of the nonuniformity of the target is by means of the internal-
standard method which is often used in x-ray fluorescence analysis with excitation by a proton beam [3, 4]. )
Sulfur was chosen as the element for the internal standard. The same quantity of a water-soluble sulfur com-

Translated from Atomnaya f]nergiya, Vol, 47, No. 2, pp. 123-125, August, 1979. Original article sub-
mitted August 7, 1978, : ' :
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Fig. 1. Diagram of measurmg chamber- 1) head part of detector cryostat 2) chamber
base; 3) chamber cover; 4) source holder; 5) target holder; 6) alpha sources; 7) mrget- '
8) hermetic seal; 9) hehum inlet port; 10) detector window,

Flg. 2, Spectrum of characteristic M series radlatlon of uranium.
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Fig. 3. Dependence of number of pulses in . -
uranium M-series peaks on the uranium con-
centration: O) experiment. :

‘ : v Fig, 4. Dependence of ratio of number of
' pulses in uranium M-series peaks to the num-
ber of pulses in the K-series peak of sulfur on
the uranium concentration: O) experiment.

pound was added to all the solutions analyzed, the sulfur concentration being 1.16 pg/ml. Figure 4 shows the
dependence of the ratio of Ny to the number of pulses Ng in the peak of the characteristic K-series radiation
of sulfur on the uranium in solutions, The mean relative deviation of the experimental points from the calibra-
tion curve was reduced by a factor of about 10.

The unknOwn uranium content in the target can be found, if the ratio NU/Ns is known, from the formula

Ny=k(Ny/Ns) Ms, @)
where Mg is the quantity of sulfur in the target. When account is taken of the fact that an expressmn sumlar
to Eq. (1) is valid for Ng, we have °

= (Auﬂéwsas)l(AsGUmUSU)-

The cross sections were calculated for ionization by 4.9-MeV a particles of the K shell of sulfur in the Born
approximation [5] and of the M shell of uranium in the momentum approximation [6]. For uranium, o= 35,520
b, w=0.045, € = 0.932 {7, 8], whereas for sulfur these values are 21,470, 0,0818, and 0.819, respectively. Sub-
- stituting these values in Eq. (2), we get k = 7,19, The measured value of k is 8.75 £ 0,13, " The divergence be-
tween the calculation and experiment is explained by the inaceuracy of the theoretical cross sections for ion-
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TABLE 1. Uramum Content in Water, ug/ml

Uranium g Uranium g
concentration a4 concentration =N
98 588
iven | meas. 5 5% | given meas. | 5§ &
gt 288 |8 |88
2,0 160 | o5 | 80 | 9,9 1,0
3,0 4,66 0,5 2,0 3,02 2,0
6,0 7,57 0,5 (- 6,0 7,63 2,0
2.0 2.70 1.0 10,0 9.72 2.0
5,0 4,26 1,0 .
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Fig. 5. X-ray spectrum of target containing
"6 pg uranium and 2 ug potassium (the K peak
of aluminum arises from the scattering of
characteristic radiation by the hermetic seal
of the source).

ization. Equation (2) does not contain the number of a particles which have traversed the target and, therefore,
there is no need to introduce a correction for the decrease in the activity of the sources in view of the short
half-life of ?'%Po,

One of the main advantages of the excitation of characteristic radiation by @ particles in comparison
with photons is the absence of a background of scattered radiation, thus making it possible to obtain high sen-
sitivity of analysis. The sensitivity threshold, defined as the uranium content in the target at which the num-
ber of pulses in the My and Mg peaks is equal to three times the rms error of measurement of the background
under these peaks, is 6 1078 g/cm?, Increasing the activity of the sources to 450 mCi will make it possible
to reduce the sensitivity threshold by a factor of three. The main contribution to the background radiation
comes from bremsstrahlung due to secondary electrons knocked out by o particles from shells of atoms in the
target and from Compton scattering of v rays of the 2°Po decay products. With the assumption that the dis-
tribution of the scattered y rays in the energy range from 3.to 6 keV does not depend on the energy, the con-.
tribution of bremsstrahlung due to secondary electrons is equal to 60% according to our estimates. The
_ bremsstrahlung background can be reduced by choosing a thinner material for the substrate of the target.

The presence of admixtures of some elements in the water worsens the sensitivity and accuracy of the
analysis because of the superposition of the peaks of characteristic radiation from these elements and ura-
nium, A studywas made of the effect of such contents of an interfering element, potassium, at which the ratio
of the K peaks of potassium to the M peak of uranium is less than 5. The x-ray spectrum of one specimen is
shown in Fig. 5. The energy difference between the Mg line of uranium and the K line of potassium is 24 eV
and the uranium and potassium can be separated by processing only if the relative intensity of thie M-series
lines of uranium is given. The uranium coatent in the water containing a potassium admixture was determined
by the internal-standard method from Eq, (2) with k = 8,75 (see Table 1), The mean relative error of the mea-
surements did not exceed 30%.
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COMPARISON OF INCOMPLETE FACTORIZATION WITH VARIABLE
DIRECTIONS IN SOLVING A ONE- GROUP TWO- DIMENSIONAL
REACTOR EQUATION

P. N. Alekseev, N. I. Buleev, S. M. Zarltskii . UDC539.125.52:62‘1.039.*51.124
V. A, Stukalov and L. N, Usachev : ' ' .

Numencal calculatlons on the neutron physics of a multlparameter reactor model requlre optimization
of the techmques for solvmg systems of linear algebralc equatlons of the form -

A«p.=.f. . . B ) - . i . ’ .

Numerical studies have shown {1] that the variable—dlrectlons method is one of the most effectwe iterative
methods of solving (1) when the matrix Alis symmetrlcal and it is therefore desirable to compare that method
with incomplete factorization, which is rapldly developing at the present time. -

The basis for incomplete factorization (2, 3] is as follows. The m_mal equation is put as

(A+B>qw t+Bp. R C @)

Matrlx B is selected such that (A + B) can be represented as the product

) A+B)=k35, - U - @)

where S, and S, are matrices whose structure is simpler than that of A, and which have‘ur‘:li't elements on
the princ¢ipal diagonals; K is a diagonal matrix, Then (2) is replaced by the system

Syz=K-1 (i +Byl;
§2q> =2,

@

which is solved by successive approximation.

There were no difficulties in using (4) when the shape of the two-dimensional or three-dimensional region
is arbitrary and any boundary conditions are imposed on the function; it is only necessary to consider the dif-
ference approximations for the boundary conditions as mdependent equations on the same basis.as equations of

the type of (1) for internal nodes. In that respect, the incomplete-factorization method has advantages over the -

various forms of the variable-direction method, since the use of the latter becomes difficult if the boundary of
the region is not parallel to the lines in the net.

The representation of (3) is possible for reactor problems for B=0 and if S, = s'{_ (Kholetskii expansion
[4]) we get a direct inversion of A, However, direct methods require large store volumes and lteratlve meth-

ods are often preferable in practical cases. In incomplete factorization B canbe put as B= D H and the norm

can be minimized by choosing gl and Sz, where that choice umquely defines ﬁ or by choosing H if the latter is_
a diagonal matrix, we get diagonal compensation, whereas we get peripheral compensatlon if il differs from
diagonal.

Trén’slated from Atomnaya E’Jnergiya, Vol, 47, No, 2, pp. 125-127, August, 1979, Original article sub- -
mitted August 16, 1978, '
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Fig. 1. Change in the error 6t in the iterative process (t is the number of the iteration): O)
variable directions, accelerating parameters in decreasing order; ®) variable directions, ac-
celerating parameters ordered by Lebedev's method; ©) incomplete factorization; diagonal
compensation; A) incomplete factorization, diagonal compensation, acceleration scheme of
(5); V) incomplete factorization, diagonal compensation, Chebyshev acceleration; ) incom-
plete factorization, peripheral compensation; 1) BFS assembly (brokenline — first model, 272
nodes; solid line — second model, 420 nodes, substantially nonuniform grid); 2) oxide breeder
reactor (1887 nodes); 3) cell (various numbers of working nodes); 4) artificial model (361
nodes); 5) cell with 1647 nodes, effect of acceleration in accordance with (5).

A method has been given [5] for accelerating two-pass methods analogous to those based on (4) by formal
application of extrapolation to each equation as follows:

M=o, [§7R-1 (4 Beh) — (0, —1) 2t
Zz (l)z[ 15 (+ 4 (5)

Pt =y (S1zttD ] —(0g—1) ot

where t is the number of the iteration and w , and 4 are acceleration parameters, whlch are calculated from
the empirical formula: wz =Wy = 1.19/(1. 19 0.1%), where p is the spectral radius of the 1teration matrix for
(5) for wyz =we=1

.The performance of the varlable-dxrectxons method and of various forms of lncomplete factorlzatlon has
been examined on the following models, which have been described in detail elsewhere [1): 1) one of the BFS
crltlcal assemblies; 2) on the same BFS assembly, in the center of which was 2 zone with a much smaller step
in the finite-difference net; 3) a model for a fast reactor with oxide fuel producing 1000 MW; 4) a model for a
cell in (%, y) geometry with strong coupling between the spatial variables; and 5) an artificial model that de-
scribes an operator with widely separated spectral boundaries: Mmax /Amin ~ 106, Models 1, 2, 3, and 5 were
calculated in (r, z) geometry. A method of numerical comparison for iterative methods for one-group prob-
lems has been described elsewhere [1].

Figure 1 shows some of the results, where we indicate the error 8t = max | &8¢ ; [, where (i, j) is the num-
i, 3 . . .

ber of the node in the finite-difference net. -
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The conclusions are as follows: 1) if the number of nodes is small (about 300), then incomplete factor-
‘ization is always more effective than variable directions; 2) if the boundary conditions are of the second kind
and the number of working parameters is more than 1000, then the convergence rate for incomplete factor-
ization decreases considerably as the number of iterations increases; 3) in all the cases considered, incom-
plete factorization is more effective than variable directions in the first 5-10 iterations; 4) incomplete fac-
torization is less sensitive to the spectral features of operator A than is the variable-direction method; and
5) the scheme of (5) gives an increase in the asymptotic rate of convergence of incomplete factorization with
diagonal compensation. We have to note however that matrix H in incomplete factorization with diagonal com-
pensation differs from the same with peripheral compensation,

. These results indicate ways of improving incomplete factorization: optimization of the choice of §1, §2
and H and use of various acceleration methods. For example, the convergence rate at the start of the iteration
can be increased considerably in the case of diagonal compensation of the acceleration (by Chebyshev's meth-
od), by permutation of the acceleration parameters, as has been suggested by Lebedev (the same applies in the
asymptotic case), while for model 4 the same scheme reduces by a factor 2-3 the number of iterations required
to reduce the error by a factor 10 from that of the initial approximation(by comparison with incomplete factor-
ization with peripheral compensation), It may prove promising to combine various methods, e.g., in multi-
group calculations, where the one-group equations are solved by the incomplete factorization method in the
first 5-7 iterations, after which the variable-direction method is applied,
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EXPERIMENTAL INVESTIGATION OF EFFECT OF LEAD AND
BISMUTH MULTIPLICATION ZONES ON NEUTRON PARAMETERS
OF MODEL OF LIQUID-SALT BLANKET OF THERMONUCLEAR REACTOR

V. M. Novikov, S. B, Shikhov, -V, L., Romodanov, _ UDC 621.039.512.2
V. A, Zagryadskii, and D. Yu. Chuvilin : ' o

The principal purpose of blanket zones of thermonuclear reactors (TNR) is to utilize the energy of the
thermonuclear neutrons as well as to produce tritium for "pure" TNR or tritium and fissionable nuclides for
hybrid and symbiotic TNR systems. The choice of coolant and structural materials for the blankets of TNR
determines their neutron-physical parameters. Melts of fluoride salts of lithium, beryllium, and heavy ele-
ments are among the promising working media for such blankets. Such liquid-salt blankets are under con-
sideration for both "pure" [1] and hybrid TNR [2, 3],

For liquid-salt blankets, however, the contribution of the reaction "Li(n, n')T to the total neutron balance
is small, This is due to the substantial "softening" of the neutron spectrum as the result of inelastic scatter-
ing on fluorine nuclei., Thus, for a pure TNR with a liquid-salt blanket the coefficient of tritium production
per thermonuclear neutron, KT, can be only slightly greater than unity [2]. In order to compensate for this
effect as well as to ensure additional production of fissionable nuclides in hybrid TNR multiplication zones
can be introduced into the blanket. Such a zone is put behind the vacuum wall of the TNR, thus making it pos-
isble to use the fission of ?**Th and 2%®U in the spectrum of thermonuclear neutrons or efficient multiplication
of neutrons in the (n, 2n) reaction on such elements as beryllium and lead [4],

Translated from Aiomnaya Energiya, Vol. 47, No. 2, pp. 127-128, August, 1979. Original article sub-
mitted September 1, 1978; revision submitted December 27, 1978,
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Fig.l. Structural model of liquid-salt TNR blanket:
1) experimental port; 2) port for source; 3) flibe; 4)
lead or bismuth insert; Ry, Ry, Ry have values of 200,
60, and 37 mm, respectively.

N Rty N @
¥

o -~

- :

i 1 1
60 &0 100 120 14 160 ‘180 R, mm

Fig. 2. Spatial distribution of fission rates of a) 2%2Th
and b) 235U: O)salt; @) salt—lead; A) salt—bismuth,
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The present paper is the first of a series outlined in the substantiation of the progfam of research on a
model of a liquid-salt TNR blanket on the T-20 device [5]. :

The experimental model of the liquid-salt blanket (Fig. 1) was a sphere of diameter 400 mm, filled with
flibe (a eutectic mixture of fluorine salts of lithiumandberyllium, LiF and BeF,, in a 50:50 ratio in molar per-
cent), The effect of the lead and bismuth multiplication zone on the neutron-physical parameters of the blanket
model was studied in the experiment, The lead and bismuth multiplication zones were set up in the inner re-
gion of the model. The source of 14-MeV neutrons was a neutron generator making use of the D-T reaction.
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The energy of the accelerated deuterons was 140 keV and the current in the target was 500 pA, The neutron
yield was ~ 109 neutrons /sec. The titanotritium target had a diameter of 45 mm.

Small KNT-2 and KNT-5 pulsed fission chambers, containing 23Th and 235U, respectively, served as
the neutron detectors. The source strength was calibrated by counting concomitant « particles; this made®it*
possible to compare the results of experlments ina homogeneous sphere and in a sphere with multiplication
zones. : -

" The technique employed to study the blanket model consisted of measuring the 2**Th and 23U fission
rates, reduced to one neutron-source strength. The pertinent results are given in Fig. 2. As is seen from
the plots, the introduction of multiplication zones results in an increase in the 2**Th and 23U fission rates,
with bismuth having a more pronounced effect than lead. The error of the fission-rate measurements at each
pomt in space dld not exceed 0 5%. )

The experlmental results were compared with calculatlons accordlng to the BLANK program in a spher-
ical geometry for a point source [6]. An ahalysis was made of the spatial distribution of the fission rate for
a homogeneous salt moderator and for a salt—lead system. The fission rate was normalized to the corre-
sponding value of the fission rate at a point in the center of the salt-layer. The normalized point is least sub-
ject to the harmful effect of perturbatlons caused by the boundaries of the salt layer and its dlstauce from the
neutron source reduces the effect of its being an extended source. '

Comparlsou of the calculation and experiment showed that there is.satisfactory agreement of results at
points which are quite far from the neutron source, At distances of less than 100 mm, however, the results -
differ appreciably. The probable cause of this divergence is that ‘the neutron source and the fission chambers
are extended and not pointlike. : '

By the method described in [7] a correction was made to the "results of the experiment for the extended
nature of the neutron source. Although the corrected results are much closer to the calculated values, the
difference could not be compensated completely.

Besides the spatial distribution we also compared the relative contribution of the lead multiplication zone
to the 2%Th and %°U fission rates. The contribution of the lead multiplication zone was defined as the ratio of
the fission rates of thorium and uranium in the salt—lead system to the corresponding fission rates in the
homogeneous model. Comparison of the spatial relations of these ratios, measured in the experiment and cal-
culated according to the BLANK program, shows the results to be close to eachother. The absolute values of
these ratios, however, are different. For 23°U the experimental values are below the calculated values by 10%,
on average, whereas for 22Th they are higher by 15%, on average. The possible reason for the difference may
- lie in the inaccuracy of the constants used. In order to arrive at the final conclusion it is necessary to per-

form ‘a series of experiments with neutron detectors providing more detailed information about the neutron
’ spectrum Activation indicators could be used as such detectors. - '
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ANNIVERSARIES

SEVENTIETH BIRTHDAY OF NIKOLAI NIKOLAEVICH BOGOLYUBOV

The eminent Soviet theoretical physicist and mathematician Academician Nikolai Nikolaevich Bogolyubov
was born in Nizhni Novgorod (now the city of Gorki) on Aug. 21, 1909, His scientific activity began at an early
age; at the age of 13, in Kiev, he began to work in a seminar directed by Academician N, M. Krylov, and in
1924 he wrote his first scientific paper. His early work, which was carried out jointly with Academician N,
M. Krylov, was distinguished by a high degree of talent and mathematical depth, and one of his original works
on the development of direct methods for solving extremal problems was honored by the award of a prize by
the Bologna Academy of Science.

Starting in 1932 N, N. Bogolyubov (in collaboration with Academician N, M, Krylov) began to develop
a new area of mathematical physics — the theory of nonlinear oscillations = which they called nonlinear me-
chanics. Nikolai Nikolaevich overcame fundamental mathematical difficulties in creating an apparatus which

* was able to effectively describe the behavior. of general nonconservative systems, and developed new asymp-

totic methods of nonlinear mechanics on the basis of a rigorous mathematical foundation., He succeeded in
applying to statistical mechanics the ordinary methods of perturbation theory which were developed in
nonlinear mechanics, and obtained results which determined the subsequent development of this science.

In his monograph Several Statistical Methods in Mathematical Physics, Nikolai Nikolaevich considered the
general problem of formulating a stochastic Markov process in a dynamical system and showed that it is pos-
sible to apply the methods of the theory of Markov processes for large-scale times. He showed that depending
on the choice of a time scale in the appropriate approximations, one and the same random process could be

‘considered either as dynamic, Markovian, or as a certain non-Markov process, It was here that for the first

time the idea of a hierarchy of time in statistical physies was expressed and realized, with which are asso-

ciated the subsequent developments of the statistical theory of irreversible processes.

N. N. Bogolyubov created the most effective method in the statistical mechanics of classical systems.
This is the method of chains for the distribution functions of complex particles, known in the world literature
as the method of Bogolyubov—Born—Green—Kirkwood—Ivon. The method of solving chains of equations for
distribution functions is based on the idea of a hierarchy of relaxation times. For example, in the case of low
density or the Coulomb interaction, the solutions are in the form of expansions in powers of small parameters —
the density or the reciprocal Debye radius. Under certain conditions of synchronization of the distribution -
functions, the chain of equations -decouple and the kinetic equations can be derived to any approximation with
respect to the density, If the Boltzmann kinetic method is based on the assumption of molecular chaos, the basis
of the Bogolyubov method lies in taking info account the possibility of the existence of correlations and also the
higher expansions in powers of the density. N. N, Bogolyubov showed that in the evolution of the distribution -
funections over times much larger than the mean free time, such a hydrodynamic stage sets in when the time
dependence of the single-particle distribution function enters only through macroscopic parameters: the mean
particle density, the mean velocity, and the mean internal energy. For this stage, the hydrodynamic equations
can be constructed directly from the Liouville equation, omitting the kinetic energy. This idea had a great in-
fluence on the subsequent development of the theory of nonequilibrium processes.

N. N. Bogolyubov also obtained important results in the field of quantum statistical mechanies., The
method of constructing the kinetic equations was generalized by him to the case of quantum systems, He
applied the method of deriving the hydrodynamic equations to construct the hydrodynamics of superfluids.

Nikolai Nikolaevich developed a method of approximate second quantization in order to determine the
energy spectrum of weakly excited states of quantum systems, In particular, the new methods made possible
the discovery of an extremely important physical phenomenon — the stabilization of the condensate in nonideal
systems at temperatures close to zero. N. N. Bogolyubov showed that correlated pairs of particles with op-
positely directed momenta play an important role in the formation and stabilization of the ground state of a
Bose system, Using a special transformation of the Bose amplitudes now widely known as the Bogolyubov
transformation, Nikolai Nikolaevich constructed the mathematical apparatus best suited to the phenomenon,

Translated from Atomnaya f:nergiya, Vol. 47, No. 2, pp. 129-130, August, 1979,
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This work, which was brilliant in its obvious simplicity and in its precision of physical understanding, served
as the basis for the construction of the microscopic theory of superfluids, systematically describing the energy
spectrum of the system and explaining the relation between the superfluid and normal states. Nikolai Nikolae-
vich showed that the elementary excitations in a Bose gas (correlated pairs of particles with opposite momenta
and spins) also exist in superconductors, This led to the explanation of superconductivity as the superfluidity
of the electron gas caused by the interaction of the electrons with the lattice phonons, The development of the
concept of superconductivity as the superfluidity of a Fermi system led N. N. Bogolyubov in 1958 o the dis-
covery of a new fundamental effect — the superfluidity of nuclear matter. At the present time, the concept of
superfluidity in nuclear matter is the basis of modern nuclear theory.

N. N. Bogolyubov is responsible for the proof of the important theorem of quasiaverages, which shows
that the density of the momentum distribution of particles in superfluid systems in the vicinity of zero momen-
tum tends to infinity no slower than the reciprocal of the square root of the momentum, This theorem, which
is known as the Bogolyubov theorem of quasiaverages, is used in the theory of phase transitions in which the
ground state is unstable with respect to small excitations, He showed how it i§ possible to remove the quasi-
degeneracy and apply ordinary methods of perturbation theory to such systems. Nikolai Nikolaevich obtained
a well-known inequality which culminated in an exceedingly simple but rigorous proof of the absence of ferro-
or antiferromagnetism in one- and two-dimensional systems, .

The ideas and methods developed by N, N. Bogolyubov and the fundamental results he obtained in statis-
tical physics proved to be quite fruitful in the study of important problems of the quantum theory of fields; in
particular, with regard to the degeneracy and stability of the vacuum. Since the 1950s, the quantum theory of
fields has consistently remained one of his main scientific interests. He approached the formulation of the
quantum theory of fields in a new way. He formulated the axioms and theorems from which the orderly struc-
ture of the S-matrix formalism is built. The Bogolyubov causality condition, which is expressed in the lan-
guage of variational derivatives with respect to the field, has played a special role in the development of the
S-matrix formalism. The axiomatic structure of perturbation theory has led to a clear understanding of the
sort of mathematical objects one must be concerned with in quantum field theory. N. N. Bogolyubov showed
that the source of the difficulties in field theory which are related to divergent integrals does not lie in the
physics, but rather in the imperfect mathematical definitions with which theoretical physies works. N.N.
Bogolyubov gave the correct method for defining the chronological product of field operators and a systematic
'procedure for eliminating divergences which has become known as the R-operation,

The creation of the axiomatic theory of perturbations is a great contribution to the development of field
theory. Yet this is only part of the overall axiomatic approach. From an analysis of the causality and locality
conditions, N. N, Bogolyubov drew the conclusion that they can be considered as the conditions that are im-
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posed on the class of generalized functions which are permissible in quantum field theory., This made it pos-
sible to perfect the axiomatics and to prove the existence of dispersion relations within the framework of field
theory. The rigorous proof of dispersion relations is based on the so-called "edge-of-the-wedge" theorem,
which was discovered and proved by N. N. Bogolyubov and which bears his name. The rigorous mathematical
approach to the construction of an axiomatic physical theory changed the style of physical thinking and became

~ an important influence on the subsequent development of the theory.

The method of dispersion relations became essentially the only method for describing the strong inter-
actions of elementary particles., It was used to describe the hadronic interactions at asymptotic energies, in
the derivation of the dispersion sum rules, and in estimating the low-energy parameters of the scattering am-
plitude. The value of the method of dispersion relations consists in the fact that because it is based on the
general axioms of local field theory, it can be a criterion for testing the correctness of the foundations of the
theory.

N..N. Bogolyubov also obtained important results in the theory of the symmetry of elementary particles.

The abundance of his scientific results, his continuously expanding interests, the depth of his physical
ideas, the wealth of the methods he developed in fundamental directions of theoretical physics, his pedagogical
mastery and scientific generosity, and his personal charm all combined to create the favorable and necessary
conditions for the formation and continuous growth of scientific schools in the areas of mathematics and modern
theoretical physics. His students and successors carry on scientific work in mathematical physics and non-
linear mechanics in Kiev, and in quantum field theory in Moscow, Dubna, Serpukhov, Novosibirsk, and abroad.

N. N, Bogolyubov's scientific authority is remarkable. His work is translated into many foreign lan-
guages. N, N, Bogolyubov's scientific services have been acknowledged throughout the world by his being
elected as a foreign member of the Academy of Arts and Sciences of the USA (1960), the Heidelberg Academy
of Sciences of the Federal Republic of Germany (FRG) (1968), the National Academy of Science of the USA
(1969), and the Bulgarian (1970) and Hungarian (1979) Academies of Science. He was elected a Corresponding
Memberof the Polish Academy of Science in 1962 and of the Academy of Science of the German Democratic
Republic (GDR) in 1966, Academician N, N. Bogolyubov has received honorary doctorates in science from the
University of Allakhabad (1959), Humbolt University in Berlin (1960), the University of Chicago (1967), the
University of Turin (1969), the University of Wroclaw (1970), the University of Bucharest (1971), the University
of Helsinki (1973), the University of Ulan—Bator (1974), and the University of Warsaw (1977). For his scien-
tific achievements, N, N. Bogolyubov has received medals from the Helmholtz Academy of Sciences of the
GDR (1969), from the Max Planck Institute of the FRG (1973), and from the Benjamin Franklin Institute of the
USA (1974). He has received the Heinemann Award in mathematical physics (USA 1966) and the Komandorskii
Service Award (Poland, 1977).

Academician N, N, Bogolyubov is one of the leading members of scientific organizations., He is pre-
sently a member of the Presidium of the Academy of Sciences of the USSR and is the Academician-Secretary
of the Mathematical Section of the Academy of Sciences of the USSR, He heads an extremely large interna-
tional scientific center - the Joint Institute of Nuclear Research in Dubna,

Nikolai Nikolaevich devotes much effort and attention to public affairs. N. N. Bogolyubov is a deputy to
the Supreme Soviet of the USSR and an active member of the Pugwash movement, His scientific and public-
affairs activities have received high recognition. He is a laureate of the Lenin Prize, has twice been awarded
the State Prize, and has been rewarded with four orders of Lenin and other orders and medals of the Soviet
Union and other socialist countries. In 1969 he was conferred with the title of Hero of Socialist Labor.

On this important anniversary, we wish Nikolai Nikolaevich Bogolyubov good health and new creative
success in his work, '
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COMECON CHRONICLES — INFORMATION

JOURNAL OF COLLABORATION

The First Conference of the section on Instruments and Nuclear Technology Facilities was held on
Apr, 3-6, 1979, in Warsaw (Poland). The Section approved the technical assignment on correlometers and
spectroanalyzers — instruments for measuring correlation functions and for determining the power density
spectra for reactor -diagnostics; plans for a program of development of collaboration between the member-na-
tions of COMECON in the field of radiation technology up to 1985, and the overall technological requlrements
for radlatlon-technologlcal facilities.

The section considered the methods developed for testing correlometers and spectroanalyzers, tech-
nical specification on the development of a reactimeter based on analog technology, the first plan for a pro-
cedure for determining the shielding efficiency of a y-spectroscopic apparatus, the operating characteristics
of semiconductor detectors for radiodiagnostic investigations were analyzed, and also proposals for their im-
provement and extension of their application.

The section heard information about the improvement of equipment for nuclear instrument manufacture
for nuclear power stations up to 1985, about work on the implementation of plans for the development of
COMECON standards for instruments and facilities of nuclear technology 1978-1979, etc.

- The First Conference of the Scientific—Technical Council on Fast Reactors, of the COMECON Perma-
nent Commission of Atoménergo, took place on Apr. 17-20, 1979, in Bucharest (Romania), The Council defined
the most important problems of collaboration between the COMECON member-nations for the development of
high-power reactor facilities in 1981-1985, heard a report on the results of a meeting of representatives of the

- delegations of the countries in the Commission for the preliminary agreement of plans of consent and a pro-
gram of collaboration,

At the Conference, working plans were ratified, reports were discussed concerning work on the topic
"General Questions of Safety, Assessment of the Probability of Accidents, and the Development of Safety
Criteria of Nuclear Power Stations with Sodium-Cooled Fast Neutron Reactors." The Council noted that this
work is of practical interest, and considered it appropriate to conduct a meeting of specialists in order to
work out a plan for future joint work. The specialists of Czechoslovakia and the Soviet Union reported on the
work on the theme "Material Studies for the Problem of Fast Reactors." The participants in the Conference
listened with great attention to a report on the operation of the BN-350 reactor and noted that the steady and
reliable work, and also the accumulated experience, have created prerequlsltes for extending the investigations
on fast reactors,

Reports were heard from the Hungarian and GDR specialists on their work on the theme "_DeVelopmeht
of a System of Combined Vibroacoustic Diagnostics of Fast Reactors and Plant,”

Reports by the GDR and Soviet specialists were heard, concerning the preparation for signing contracts
on the development and testing of measuring instruments for monitoring the oxygen and hydrogen content in the
sodium circuits of fast reactors, and concerning the investigation and development of acoustic methods and
instruments for detecting water leakage into the sodium, and boiling in fast reactors.

The First Conference of the Scientific-Technical Council on Radiation Safety took place on Apr. 23-27,
1979, in Havana (Cuba). The Council considered the results of the Seminar held in Cuba on Radiation Safety,
in connection with the development of nuclear power generation in Cuba, ratified the plan.of a program for com-
paring methods of dosimetry of 8 radiation and mixed 8 —y-radiation fields, and data were discussed associated
with the development of a special medical inventory for use in work with radioactive substances and ionizing
radiation sources., Data were heard, related with problems of the Council, resolutions of the Permanent Com-
mittee of COMECON Atoménergo, other COMECON organs, and other problems,

A conference of specialists of COMECON member-nations on the preparation of specific proposals for
collaboration in the field of thermonuclear research was held on Apr. 24-26, 1979, in Moscow, The partici-
pants in the Conference heard information from Soviet specialists about the realization of the decisions of the

Translated from Atomnaya Energiya, Vol. 47, No. 2, p, 131, August, 1979,
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Thirty-Fourth Meeting of the Permanent Commission of COMECON Atomenergo on controlled thermonuclear
fusion, and also discussed proposals for collaboration in this field. Information was heard about the develop—
ment of an international plan for the INTOR tokamak reactor.

The First Meeting of Section I on Reactor Science and Technology was held on Apr. 24-27, 1979, in
Sofia (Bulgaria), Its participants heard a report on the results of mvestxgatlons in the field of intrareactor
measurements, the development of sensors and instruments for the VVEB 1000 reactor,-and the most im-
portant trends of collaboration in this. field were defined. The state of work on the decision for the conclusion
of agreements. on the commissioning of power units with water-cooled /water-moderated reactors with a ca-
pacity of 1000 MW, and their further improvement, and also the results of a conference of representatives of
the countries and international organizations for the prehmmary agreement for plans of a program and agree-
ment on collaboration in this problem were reported. The meeting considered the preparation of the starting
data for the preparation of plans ofagreement andplans of collaboratmn for the development ofnuclearithermal.
power stations and AST for central heatmg. ' :

The participants in the Conference ratified the proposals for the structure and cbﬁtent of a unified catalog,
prepared to speclflcatlon, of a testing base of the member-nations of COMECON for power-generating thermal.
reactors, - . .

SOCIALIST INTEGRATION OF NUCLEAR SCIENCE AND TECHNOLOGY
Peaceful Atom in the Countries of Socialism.

Collaboration between Member-Nations of COMECON *

Reviewed by E. V. Kulov

In connection with the passing in 1979 of the 30th year of the Council for Mutual Economic Aid (COMECON),
Atomizdat has issued a jubilee handbook, representing the collective work of eminent scientists and engineers
of the countries of socialist friendship, and reflecting the evolution and utilization of the achievements of nu-
clear science and technology in the national economy. The book broadly highlights problems and prospects
for the future development of the different fields of nuclear science and technology, the fruitful collaboration
of the COMECON member-nations within the scope of the Permanent Commission of COMECON on the utiliza-
tion of atomic energy for peaceful purposes, and the activities of international scientific and economic organ-
izations. Readers will find in the book information which convincingly confirms that under the conditions of a
socialist government, the peaceful atom is an effective factor for accelerating scientific—technical progress
and for serving the good of mankind.

Collaboration on the utilization of nuclear energy for peaceful purposes is developing in such directions
as nuclear power generation, nuclear instrument design, nucleides and labeled compounds, radiation safety
and shielding techniques, and the application of radioisotope methods and apparatus in the national economy.

The main attention in the work of the Permanent Commission is paid to nuclear power generation, as the
greatest progressive trend of the utilization of nuclear energy. In accordance with this, the realization of a
long-term special-purpose program is developing for collaboration in the fields of energy, fuel and raw ma- -
terials, accepted by the Thirty-Second Session in 1978, The program has been calculated up to 1990, The exe-
cution of its legislative enactments will allow the demand for electric power in the European COMECON coun-
tries to be increased by a factor of = 1.5. The main trend of cooperation is the construction in the COMECON
member-nations of nuclear power stations with a total capacity of 37 million kW, and also two nuclear power
stations of 4 million kW each in the Soviet Union, the electric power from which will be supplled to the Euro-
pean COMECON member -nations, -

A detailed account of the state and problems of nuclear power generation is given in an article by A. M,
Petros'yants, inaugurating the handbook. In it, a retrospective and a prospective view is given on power- re-

*Atomizdat, Moscow, 256 pp., 8 figures, 80 kopecks (1979).

Translated from Atomnaya énergiya, Vol. 47, No. 2, p, 133, August, 1979,
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actor construction in the COMECON member-nations. The advantages of socialist economic integration in this
important field of international collaboration are shown. R is noted that the achievement of nuclear-power
problems would be impossible without an enormous combination of complex and fundamental nuclear-physics
research; mention of this is also made in the article,

A unique account of the state of affairs and successes in the field of the peaceful utilization of atomic
energy is given in articles on this topic, described by specialists of Bulgaria, Hungary, GDR, Cuba, Poland,
Romania, the Soviet Union, and Czechoslovakia. This group of articles sums up the generalizing paper of the
specialists of the Secretariat Division of COMECON showing what great and fruitful work has been achleved
by the workers this international body. .

In the field of vision of the compilers of the handbook, they were not able, of course, to dwell on the as- .
pect of the work of the international organizations and bodies, set up within the framework of the "nuclear
problem." This involves the temporary scientificresearch body for conducting reactor-physics research

on a critical assembly in Hungary, the international economical society "Interatominstrument” in Poland,
_for the organization of production cooperation, dehvery of plant and rendering technical assistance in the con-
. struction of nuclear power stations "Interatoménergo” in the Soviet Union, and the Joint Institute for Nuclear
Research in the Soviet Union. This group of articles gives a wide panorama of the joint WOrk from sclentific—
technical to practxcal work over all trends of the peaceful utilization of atomic energy.

, The handbook concludes the news items of the work of the Permanent Commission, After dry lines of
mlnuted records the intense and many-sided activities are seen clearly. :

The pubhcatlon revxewed is unique, R shows how versatile and fruitful scientific intemational c°oper—
atlon can be. And it is even more noteworthy tbat this is mternatlonal soclalist cooperatlon.
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CONFERENCES, MEETINGS, AND SEMINARS

SEMINAR ON PROCEDURAL PROBLEMS FOR INVESTIGATING THE
RELIABILITY OF LARGE POWER GENERATING SYSTEMS

T, A. Golubeva

A Seminar on the theme "State and Prospects for the Development of Methods of Caleulating Reliability
and Their Application for Solving Practical Problems," organized by the Siberian Power Institute, Academy of
Seiences ofthe USSR, Siberian Branch, was held in March 1979 at Alma-Ata. About 100 specialists attended.
Forty-five reports were heard on electric power generation, gas-, petroleum, thermal-, water-, and coal-
supply systems. The main attention was paid to the development of the theory and procedures of investigating
the reliability of power generation for planning and operating, reliability standardization, the creation of an
authentic data base for solving problems of ensuring reliability, and the investigation of plant reliability.

The principal ones are the investigations of reliability at different levels of territorial-time hierarchy,
the determination of its indices with a known computational scheme and the parameters of the system, taking
account of optimization of the system structure.- Attention was paid to the distinctive feature of the investiga-
tion within the framework of automatic dispatcher control at different levels of territorial-time hierarchy of
control, the assessment of the values of the reliability index and the treatment of working solutions.

In standardizing reliability, problems are raised of working out standards, standard documents and their
classification, consideration of damage by power supply breakdowns, development of procedures for planning
the development and operation of power-generating systems, principles of agreement of standards between dif-
ferent levels of territorial-time hierarchy of control, and also with the requirements for plant reliability.

When setting up a data for solving problems on reliability, a collection of statistical operating data is
required; investigations of the properties and presentation standards of this information; the development of
automated collection systems, processing and analysis of data on the rehabxhty of the plant of power generation
systems, and reliability of power supply requirements.

When investigating plant reliability, the main attention is paid to the procedural aspects of its prediction
and optimization for planning, choice of the characteristics of units and components, taking account of reliabil-
ity and safety, optimization of fundamental schemes and emergency arrangements for new power facilities,
the basis of 2 maintenance cycle at stages of planning, and methods of planning the reliability of means of
shielding and control.

In the sectlon "Nuclear Power Station Plan," two papers were heard. The paper by A, 1. Klemin and
E. F, Polyakov (NIKIET) reported on the treatment of guiding technical data, intended for the calculation of
structural reliability indices of a nuclear power station unit, its part in individual systems, including safety
systems at the planning stage. By structural is understood the reliability of the structural layout of a nuclear
power station unit, its part or system with specified reliability indices of the component elements, known
functional relations between them, and the assumed strategy of planned-precautionary repairs. Definitions,
formulas, and recommendations of the calculation are contained in the processed data. Recommendations
for calculating the reliability of such specific systems as control and safety rods, control and measuring in-
struments and automation equipment system, and also safety systems, are given separately. On the basis of
the data, the analytical methods of the modern theory of reliability, using the device of minimum section of
complex systems, are formulated, Calculation by this procedure allows, at the planning stage, the level of
structural reliability to be estimated, weak points to be revealed, the most reliable standby planttobe selected,
the requirements on reliability of nuclear power stations with respect to component elements to be assigned,
and the reliability of the various alternatives of structural performance of nuclear power stations to be es-
timated,

7/
The report of V, D, Mikhailov et al, (Nongovernmental Organization "Energiya") considered the quality
assurance and authenticity of data, which can be used in the future to estimate the reliability in planned devel-

Translated from Atomnaya ﬁnergiya, Vol. 47, No. 2, pp. 133-144, August, 1979,

0038-531X /79 /4702- 0675$07.50 ©1980 Plenum Publishing Corporation 675

Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020002-3



Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020002-3

opment, fabrication, maintenance and operation: of nuclear power station plants, The first attempt to collect
data showed the usefulness and timeliness of this work and the necessity for further development. The: report
also discussed the modernization and automation of the collection process, the accumulatlon and processing
of data, and also prospects for their more efficient utilization.

The topics for ful_'ther work were defined in the Section,

The proceedings of the seminar will be published.

FOURTH ALL-UNION SEMINAR ON HIGH-TEMPERATURE
POWER GENERATION

A, Ya. Stolyarevskii

The thematics and problems of this seminar, which took place at the end of March, 1979, at the I. V.
Kurchatov Institute of Atomic Energy, were defined in the opening address by N, N. Ponomarev--Stepen, who
remarked on the necessity for a purposeful study of the different scientific and engineering aspects assoc iated
with high-temperature gas-cooledthermal (VT GR) and fast (BGR) neutron reactors, plant, refinement of their
characterlstlcs in connection with the planning of the first experimental-industrial facilities.

The report by N, I. Tikhonov at the plenary session, concerning the construction, characteristics, and
“first stage of operation of the high-temperature helium reactor loop PG-100, started up in December 1978 at
the I. V. Kurchatov Institute of Atomic Energy, was the most interesting. The loop, with a total power of 0.7
MW (0.3-MW fuel elements), was calculated to operate at temperatures up to 900°C and pressures up to 100
kgf/cm?, Despite ~ 300 accessory units, 3000 welded joints, knife-edge sealing of the cover ofthegas-blower,
the helium leakage from the circuit amounted to 0.3% /day, which is considerably lower than planned.

I'd

The prospects. and possibilities of using VI GR for heat supply were considered in a report by E, K.
Nazarov et al. The reasons were analyzed which limit the feasibility of using nuclear heat supply sources in
conjunction with the conventional systems for transfering thermal energy, means of overcoming these limita-
tions were contemplated, due to the construction of nuclear stations for long-range heat supply with a capacity
of 10-15 GW (thermal), with high-temperature reactors and chemicothermal systems for transferring the .
thermal energy with dispersed requirements to distances of up to 150-200 km. One of the most promising
systems is based on the assimilation into the chemical industry in large-scale processes of the high-tempera-
ture (~ 800°C) catalytic conversion of methane. The results ofthe successful development of methanation cat-
alysts forchemicothermal heating equipment will allow confidence in the provision of a high temperature level
(up to 650-700°C).,

The choice of the scheme and the capacity of the nuclear power-technological stations of different desig-
nation, bdased on VI GR, has shownthat the optimum ratio in the generation of electric power and technological
heat over a wide range of variable technicoeconomical parameters amounts to 1-2/1. The necessity for the
uninterrupted supply of energy of individual users leads to the construction of industrial nuclear power-tech-
nological stations, consisting of not less than two units. For the individual units, the appropriate number of
heat-transfer loops is from 4-8 up to 12, with a certain power reserve of individual loops.

The report of V, K, Ulasevich et al, was devoted to a plan for an experimental-industrial station based
on a BGR with a capacity of 300 MW (electrical). Important characteristics of the BGR-300 reactor were noted,
such as the integral grouping of the plant of the primary circuit in a high-pressure vessel of prestressed fer-
roconcrete, fuel-element rods with a high bulk energy intensity, turbine plant operating on standard high steam
parameters (170 kgf/em?, 530°C), and high-pressure helium in the primary circuit (160 kgf/cm?). In the case
of total depressurization of the primary circuit, the use of a special protective shell is provided, calculated on
a pressure of 3 kgf/cm?, and an emergency core cooling system (4 x 50%). As investigations have shown, nu-
clear power stations with BGR-300 have advantages by comparison with those based on reactor-breeders of
another type., A comparison of reactor-breeders based on helium, sodium and dissociating coolants have
shown the importance of such characteristics as the specific charge and the specific annual requirement on
plutonium (atthe accelerated introduction stage), and the indices of production of surplus plutonium,

Construction of VT GR (31 reports), At the present time, the feasibility has been established of con-
structing gas-turbine facilities with a capacity of up to 10 GW (electrical); at the same time, according to tech-
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nicoeconomic considerations, the practical limiting capacity of the turbocompressor units of these facilities
amounts to ~2 GW (electrical). Experimental investigations have confirmed the feasibility of developmg
reliable and economical bearings and sealing units for helium gas-turbine facilities.

One of the most important units is the steam generator. In one of the reports, the resalts were given
of experimental investigations of the thermohydraulic parameters of a steam generator in a single-tube model
with natural values of the superheated steam (Pgup,st ~ 170 kgf /em?, Tsup.st. ~ 540°C). Comparative inves-
tigations of the thermohydraulic characteristics of a multientrance and modular versions revealed the effi-
ciency of the modular version, as applicable to the VGR-50 facility. The lifetime of the evaporative element
with the temperature conditions produced in the experiments of the helical coil in the zone of declining heat
exchange, which amounted to ~5 +10* h, was estimated. The transition to testing the module of the steam
generator on the helium test-bench with a capacity of 6-8 MW was noted. For the VGR-50 and the BGR-300,
the use of a steam. generator of the spiral type is recommended, with a coil diameter of 5-8 diameters of the
pipes assembled from individual chains, The critical steam content on experimental facilities with sodium

heating for spiral surfaces amounted to 0.9, which considerably exceeds the corresponding values for straight-
tube surfaces (~ 0.6).

The backfilling mechanism of globular fuel elements was studied experimentally, the optimum geometry
of the base of the core was determined with these fuel elements, and the velocity profiles of their movement -
for different configurations of the bounding surfaces, and ways of reducing the stresses of the insertion of the
immersed compensating control and safety rods in the case of backfilling. As applicable to VT GR with cir- -
culating globular fuel elements it was shown experimentally that the radial smoothing of their movement
profile contributes to an increase in the number of discharge openings, a reduction of the number of pylons
protruding from the reflector in the core, and the formation on the inside surface of the reflector of hemi-
spherical bulges, etc. It was established on the test rig with labeled dummy globular fuel elements that in
the ducts between the pylons, stagnation zones are formed in which the velocity of motion of the fuel elements
is less by comparison with the average for the core, by more than a factor of three

The programmed experimental finishing of the fuel elements in the reactor channels formed poss lbly
provides a more complete simulation of such parameters as the volume power distribution, burnup, stress,
temperature, radiation damage, etc. The experimental dependences of the leakage of gaseous fission products
were given as a function of the temperature and fuel burnup, and different models of their yield from the VT GR
microfuel elements were verified. The best agreement with experiment is given by the defect-trap model.
Based on the dynamics of the yield of 8%8"-%Kr, it was determined that the main mechanisms are that of recoil
nuclei (up to 800°C) and migration processes takmg place in the cladding which are contaminated with fissile
material (1000-1400°C),

Monitoring for the entry of water into the primary circuit in accident situations is of special importance
because of the positive "water" reactivity coefficient of the VTGR. In the report by O. M, Traktuev, a unique
method is given for indicating a sharp change of moisture of inert gases, and the results of tests on laboratory
samples of indicators are given, using the principle of potentiometry of an electrochemical element with a solid
electrolyte and with buffermg of one detector. At 700-800°C, the recorded partial pressure of oxygen in the
gas mixture amounted to 1077 kgf/ecm? and more.

The versions of the grouping of high-pressure vessels considered, e.g., such as integration, showed
that the most economical and reliable is integral grouping with the arrangement of the main plant of the
primary circuit in a single high-pressure vessel, the dimensions of which (diameter and height) may be 30 m
or more. The cost of these vessels is approximately the same as the corresponding cost of metal vessels for
reactor facilities with water coolant, taking account of operating costs and including monitoring, As applicable
to nuclear power stations with BGR-300 reactors, individual problems of technology of the erection of reactor
vessels of prestressed ferroconcrete were worked out on large-scale models. An original technology was
suggested for the prestressing of cylindrical structures, the erection of a hermetically sealed shell for the
multicavity vessel of the experimental-industrial nuclear power-technological VG-400 station, The operation

of these reactor vessels was confirmed in the elastic region, including with cyclic loading in excess of 1000
cycles.

A part of the reports was devoted to high-temperature nuclear reactors, based on the use of a solid and
liquid-salt coolant, in the gas phase, and also thermonuclear reactors,

Neutron-Physics Characteristics of High-Temperature Gas-Cooled Reactors (30 Reports). The charac-
teristics of fast breeder-reactors with helium coolant and with rod-shaped fuel elements based on nitride fuel
were given (U, Pu)!®N with a. capacity of 4300 MW (thermal) and 1600 MW (electrical) (report of N. N. Pono-
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marev-Stepen et al.). A structural solution similar to the BGR-300 was assumed. The nitride fuel, by com-
parison with oxide (U, Pu)O, fuel, is characterized by a higher density, a lower neutron moderation and ab-
sorption; and a higher thermal conductivity. The advantages of this fuel allows breeder-reactors to be con-

“structed with a higher breeding factor ( ~1.85) and a fuel doubling time of ~ 3.5 years with a helium pressure
in the primary circuit of ~ 16 MPa, and ~ 3 years with 256 MPa, M. F. Troyanov et al. reported on the experi-
mental investigations on a fast gas-cooled reactor on the critical test. rig KOBRA, In the majority of cases,
good agreement between the calculated and experimental data is noted. :

An analysis of the results of calculations of the principal physical characteristics of the VTGR fuel
compositions by the NEKTAR program (USSR) and WIMS-D (Great Britain) showed that agreement between the
calculations was noted for the thermal range of neutron energies. A procedure was described for determin-
ing the effective resonance integrals of capture in 2**U and fission in ®5U, the distribution of the microele-
ments according to mass was measured, and the effective integrals for microfuel elements with the most
probable mass were measured. I was noted that the fuel cycles of VTRG with a ratio of moderator nuclei to
fuel nuclei of ~ 350400 and a high initial enrichment are the least sensitive to absorbing impurities. The
possibilities of using a critical assembly for determining the composition of the VTGR globular fuel elements
were investigated — the initial amount of fissile material in the fuel elements, burnup, the presence of the ab-
sorber (boron) in the absorbing elements, etc. E was noted that crit ical assemblies, based on beryllium or
zirconium hydride moderators, can be constructed -which will ensure the highest sensitivity for monitoring
the composition of the globular fuel elements and the absorbing elements of VT'GR. The experimental inves-
tigations on the critical assembly and the analysis of the errors permitted the limits of sensitivity of the

‘proposed method to be established at the level of 20 mg ?*%U. - - ' :

Thermophysics of VT GR (30 Reports). An analysis of the thermophysics at a given stage of development
of the computational-theoretical and experimental work was given by V. N, Krymasov. In the report of E. G.
Baryshev et al. the results were given of experimental investigations in which data were obtained about the
thermal stabilization of the flow in the near-wall region and the generalized criterial relations for calculating
the heat-transfer stabilization in reactors with globular fuel elements. S. V. Popov presented the results &
numerical investigations of the thermophysics of VTGR with globular fuel elements, based on unique programs
in R — Z geometry, and the effect of the geometry of the lower part of the core on the coolant velocity field,
the helium temperature and the fuel. The temperature conditions in the meeting zone of the main coolant flow
and the flow from the discharge channel of the fuel elements were considered, and the location and size of this
zone were estimated. The effect of anisotropy of the fuel element material, the variability of the heat-transfer
coefficient over the surface, various defects in the fuel elements were revealed on the basis of three-dimen-
sional thermal calculations of a globular fuel element in R — ¢ — 6 geometry (report of A, L. Kalishevskii et al.).

" On the whole, the reports (about 110) heard at the seminar demonstrated the increased level of work on
the generalization of technical solutions established in plans of pilot plants; based on the high-temperature,
gas-cooled reactor. . .

One of the most important questions for solving the problem of the construction of reactor facilities of a
new type — the development of structure materials corresponding to the operating conditions of the primary
circuit — was considered during a "round table," In particular, it was noted that the welding technology de-
velopedwill ensure the necessary gastightness in the working temperature range of the corresponding VT GR
components, and the leakage amounted to less than 5. 10-8 liter (NTP)/um - sec, i.e., with the existing helium leak
detectors, it was found to be below the sensitivity of the flow monitoring method. In the report of V., G.
Markov the results were given of the assimilation and use of austenitic chrome—nickel steel, having adequate
" heat resistance, a high resistance to intercrystallite corrosion, and durability in a helium atmosphere. From
the point of view of providing durability in a helium atmosphere, alloys alloyed with niobium have the best
characteristics (lower depth of oxidation) by comparison with alloys alloyed with titanium. An interesting
Feport was given by Yu. A, Dushin concerning an investigation of materials in helium with a controlled impurity
composition. The theoretically important value of the testing of materials in a medium simulating the action
of the reactor coolant was noted, The gas leakages, observed in a few cases, were due to the formation of
an open channel because of microcracks, which were a consequence of a metallurgical defect. With prior
monitoring of the material, no helium leakages were recorded in50 cases out of 50 at 750°C on samples from
0.8 to 15 mm. The inertial nature of helium leads to the fact that-it does not dissolve in metals and cannot
diffuse through them, This physical fact is confirmed by the numerous Soviet and foreign experiments.

Academician A. P. Aleksandrov participated in the work of the Seminar. The proceedings of the Seminar
will be published, B '
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INTERNATIONAL SYMPOSIUM ON THE THERMODYNAMICS

OF NUCLEAR MATERIALS

V. V. Akhachinskii and A, S. Panov

The Symposium was held at the end of January —beginning February 1979 in Julich (Federal Republic
of Germany). Some 130 specialists from 27 countries participated in its work. Fifty-seven reports were
presented, mainly from the USA (16), Federal Republic of Germany (FRG) (14), Great Britain (10), the Soviet
Union (9), and France (5).

Of the less-numerous computational-theoretical papers, the report of L. Mainz et al. (Federal Republic
of Germany (FRG)) should be mentioned, concerning the development of a thermodynamic model which is based
on the existence in phases of variable composition of tetrahedral defects, consisting of oxygen vacancies and
two positively charged metal ions. The thermodynamic properties and structural features of PuO,-x and
CeO,.x are explained, S, Fenoiya and G, Sunderman (FRG), in order to calculate the interaction parameters
in multicomponent systems, proposed correlation relations, based on assumptions concerning the linear rela-
tion between the solubility and activity in complex systems, and concerning the existence of a link between the
thermodynamic activity and the interaction parameters for binary systems with similar magnitudes for ternary
and more complex systems. M. Rand (Great Britain) reported on the significantly refined data concerning the
specific heat of gaseous actinide elements at 1000-10,000°K, taking account of the additional contributions of
unobserved electron levels in the statistical sum and its derivatives. G. March and R, Thorn (USA) considered
the thermochemistry of nonstoichiometric oxidesof uranium with the inclusion of data concerning the photo-
electron spectroscopy of the 4f-, 5f-,and 2p-electrons. M. Rened, R. Akkerman, and E. Pouch (Great Britain,
USA) cited mass-spectrometric data concerning the vaporization of UO, at 1813-2463°K, and the refined thermo-
dynamic constants for the solid and gaseous phases, G, Chilton and D, Edwards (Great Britain) established.
that with increase of the content of plutonium, the negative oxygen potential of mixed oxide fuel (U, Pu)Oy.x
becomes less. M. Tetenbaum and R. Akkerman (USA) reported data on the vaporization, thermodynamic prop-
erties, and phase boundaries of ThO,_x.

New data on the vaporization and thermodynamic constants of the silicides and halides of uranium and
thorium were obtained by D. Sud et al. (India). Yu. V. Vamberskii'et al. (Soviet Union) cited thermodynamic
data for the systems U—V, U~Pd, U-Nb— (Mo, V), U-Nb—%r, and V, V, Akhachinskii and L. F, Timofeeva
(Soviet Union) for Pu—Al systems. V., YamawakiandM. Kanno (Japan) studied the thermodynamic properties
of alloys of Mo—Pd, Mo—Rh, and Mo—Pu—Pd, and K. Spier and T. Yurik (USA) studied the system Ti—B—N. ‘
Z, Mozer and R, Kastane (Poland, France) cited data on the thermodynamics of liquid solutions of the system
Mg—Zn—8h; T. Ryuts, F,Kozlov, et al. (GDR, Soviet Union) cited data on the thermodynamics of liquid sodium
containing dissolved hydrogen and oxygen.

A large group of reports was devoted to the interaction of nuclear fuel with the claddings, coolant and
fission products in fast reactors. P. Woodley and M, Adamson (USA), for the systems ThO,—UO, and ThO,—
PuO,, gave a review of the phase diagrams, thermodynamic properties and chemical interaction reactions with
austenitic stainless steel, sodium, cesium, and a Na—K alloy, and noted that additions of ThO, reduce the par-
tial pressure of oxygen, improve compatibility with the claddings, and reduce swelling of the fuel. M, Adam-
son, P. Potter, et al. (USA, Great Britain) considered the thermochemical aspects of the interaction of UCy+y,
U;- xPuxO2+y, and Ui—xcex02+ with the cladding, coolant (Na, K) and fission products (Cs, Te, ete,) during
irradiation in a reactor. The condltlons of formation of compounds causing swelling of oxide fuel were dis-
cussed, Great attention was paid to the corrosion of austenitic stainless steel in consequence of the formation
of tellurides of Fe, Cr, and Ni. Noting the increase of the oxygen potential of the fuel during irradiation, as a
result of the accumulation of fission products and the redistribution of oxygen under the conditions of a tem-
perature gradient, the authors suggested use of the buffer mixture of Nb/NbO, V/VO, etc. for the protection of
claddings from oxidation, K. Wilson (USA), for this same purpose, recommended for limiting the migration of
oxygen the use of prestochiometric fuel or the introduction of getters of niobium and titanium. In this case the
conditions of the disposition of the getters in the form of foil, coatings and sintered pellets were discussed.

R. Lorenzelli et al. (France) presented data about intrareactor investigations of the reactions of UO,,
PuO,, and UO,—PuO, with cesium, and data concerning the types of compounds formed, E, Korfunke, E, Wes-
trum, D, Yakesh et al, (Netherlands, USA, Czechoslovakia) reported on the thermodynamic constants of uranates
of stable existence of these compounds. U. Benedikt (FRG) showed the solubility mechanisms of fission products
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in carbides and nitrides of uranium and plutonium, and on this basis explained certain special features of the
phase composition of irradiated carbide, nitride and carbide—nitride fuel. A, Naomidis et al, (FRQG) analyzed
' the behavior of fission products in irradiated microfuel elements of high-temperature, gas-cooled reactors
with high buroup (up to 70%). The chemical state and migration of solid fission products in irradiated UO,, -
UCy, and (UO, + 10% UC,) was discussed. Oxycarbide microfuel elements, in which to a lesser degree thaZn’
in UQ,y the "amebic" effect is manifested, and to a lesser degree than in UC,, are more stable, the claddings
are attacked because of the discharge of rare-earth elements. T. Besman and E. Beecham (USA) carried out
a thermodynamic analysis of the interaction processes of ThC with the canning materials, containing Fe, Cr
and Ni, and on the basis of the numerical and experimental results, optimized the compositions of the al’loys:
V. N . Zagryazkin et al. (Soviet Union), in order to reduce the rate of carbonization of metals during their
‘interaction with UC, suggested alloying the fuel with additions of US,

A part of the reports was devoted to'the controlled migration of oxygen into oxide fuel uﬁder tempera-
tl.1re gradient conditions. M. Froman et al. (France) carried out intrareactor measurements of the redistribu-
tion of oxygen in UO,:x by the emf method, and verified the well-known fact of oxygen migration into hotter
regions. In one of the reports, the results were given of direct measurements by the emf method, of the ra-
dial distribution of oxygen in irradiated prestochiometric fuel U, -;24Pu0 23¢02-x With a high burnup, and showed
that oxygen migrates into colder regions, where the accumulation of fis.sion products such as Cs, Ba, Te, etc,
\.avas also noted. G. Schuhmacherand co-workers (FRG), by the example of (U, 'Pd)02+x, discussed the méchan-
ism of mass migration of oxygen under the conditions of a temperature gradient using the Seebeck effect.

o In some reports, diagrams_of phasg equilibria of the actinide elements with metalloid components and
fission products were discussed, as applicable to fast reactor fuel. P. Potter, M. Rand, K. Spier, and T. Hines
fGreat Britain, USA) analyzed the phase diagrams: U(Pu)—C—0; U(Pu)—N—0O; U(Pu) —C—N; U(Pu) —C—Re(Te,
Cr, Ni), as well as Tc—Mo; Tc—Rh; Te—Pd; Mo—Tc—Rh; Mo—Tc—Pd, and Mo~Ru—Pd. The types of com-
pounds formed were discussed and their regions of stable existence were noted. The results were given of a
thermodynamic calculation of the phase diagrams of the system UC—UN (A. L. Udovskii and O. S. Ivanov,
Soviet Union) and new data were given concerning phase equilibria in the system U—~Cr—C (Z. M. Alekseeva
and O. S. Ivanov, Soviet Union); the introduction of chromium increased the length of the region of homogeneity
of UC from the side of the UC ~U,C; boundary.

The reports in which the phase stability of multicomponent alloys were considered in thecase of pro-
longed high-temperature operation under reactor irradiation conditions were of special interest. D, Watkin
and A. Midovnik (Great Britain) carried out a thermodynamic calculation of the effect of small additions of a
fourth element (Nb, Ti, Al, Mo, Co, C) on'the phase stability of the system Fe—Cr—Ni, The tendency of Mo,
Nb, Ti, and Al to stabilize ferrite was verified, and the strong austenizing effect of the action of carbon was
established, The process of the formation of deposits of Ni;Si from unsaturated solid solutions was discussed
in the system Ni—Si under the action of irradiation, and the authors showed the role of local supersaturation
as a result of the interaction of radiation defects with impurities, the driving force was calculated, and its
relation with the neutron fluence was established. M. Koch and Yu, Chen (USA), by thermodynamic calcula-
tions and numerous experiments, showed the nature of the phases separating at 750-1350°C from austenitic
stainless steel, including the contained impurities of niobium and titanium, and the temperatures and kinetics
of formation were determined (NbN, NbC, TiN, TiC, and Cr,;C,). K. Tilbert (FRG) showed by thermodynamieal
calculations that the vaporization and removal of Co from the core, formed by irradiation of alloys of the
nimonic and inconel type etc., cannot be avoided.

A large group of reports was devoted to the thermodynamics of aqueous solutions. P. Tremain (Canada)
made a review of methods of calculating the high-temperature values of the free Gibbs energy for aqueous sol-
utions, based on the data for room temperature. J. Fouget, D, Navratil, V., Medvedev, et al. (Belgium, USA,
Soviet Union) carried out thermodynamic estimates of the actinide complexes in aqueous solutions, A, Strezov
et al, (Bulgaria) considered the changes of thermodynamic functions with the formation of metal-ligand com-
plexes. K. Musicas et al. (France) discussed the problem of aqueous complexes, whichare formed by metal ions
present in reprocessed nuclear fuel, with orthophenanthrolene and dibutyl phosphate ligands, and explained the
types of complexes which are characteristic for the trivalent actinide metals. D, Lambert (France) considered
the thermodynamics of the dissolution of magnetite in water in the presence of hydrogen.

Reports on the thermodynamics of the blanket zone materials of thermonuclear reactors were included
in the program of the Symposium. In the review report of E. Velekis (USA) for three categories of materials —
liquid lithium, solid lithium alloys, and lithium-containing ceramics — data were given about the P—C—T dia-
grams, activity coefficients, isotopic effects, Sieverts constants, free energy of formation, phase boundaries,
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etc. The latest data on the solubility of LizN, Li,O, and Li,C, in liquid lithium were discussed, and the pros-

pects of their removal by means of a cold trap were assessed. Kh, Ile et al. (FRG) presented the results of

the experimental determination of the composition and vapor pressure over lithium oxide and with a solution
of deuterium in lithium.

V. V. Akhachinskii (Soviet Union) determined the enthalpy of formation of the dihydride YH;, o and the
nonstoichiometric trihydride of yttrium YH, 149, equal to —52.30 +0.30 and —59.08 + 0.41 keal/mole, respec-
tively. E. B. Boiko et al. (Soviet Union) presented data about the diffusion of hydrogen in the hydrides of the

“transition metals of Group IV and alloys based on them.

In two reports, the burial of radioactive wastes by vitrification was discussed. R. Odoy (FRG) es~
tablished that the losses of alkaline fission products and glass components due to volatilization during solid-
ification are quite significant, and depend on the temperature, time, and composition of the surrounding me-
dium. The most stable compounds (e.g., CsAlSi;O;,) were suggested. G. Matzke (FRG) considered the dif-
fusion of actinides in nitrified wastes, The measured diffusion coefficients of the actinides in glass at 180-
350°C are small (1071610718 cm? «sec™!), whereas for flattening the concentration gradient resulting from
the leaching out of the glass, they should be greater than the experimental values by more than a factor of
10%-10¢%, which confirms the reliability of the use of glass and vitreous ceramics for burying the actinide
elements.

A part of the reports was devoted to the analysis of accident situations during operation of reactors, and
the determination for this of the necessary characteristics of the nuclear fuel. E. Fischer (FRG) cited the
values of the constants occurring in the equation of state of nonstoichiometric UO, for a temperature of 3120-
7500°K. G. Karov and M, Bober (FRG) reported the characteristic data obtained experimentally and by a
numerical method, for saturated UO, vapor, existing in the state of a neutral gas, and a thermal plasma in the
temperature range up to 5000°K, and also for Cs and Na in the region of the critical temperature. The emis-
sion coefficients of solid and liquid materials (UO,, UC, ThO,, and Nd,O;) were determined over the range
1500-4800°K. D.Bensonand E, Bergeren (USA) described a series of experiments to measure the vapor pres-
sure over nonirradiated and irradiated UO, under rapid heating conditions to 2560-5250°K, In the latter case
the total vapor pressure amounted to 93-691 kgf/cm?, R. Oze (FRG) with co-workers measured the vapor pres-
sure of uranium carbides at a temperature up to 7000°K by means of pulsed laser heating. D. Power (USA)
analyzed the effect of the formation of gases on the interaction of fused material of the core with concrete; the
erosion and disintegration of concrete, the rapid release of a large quantity of heat and the discharge of gas
were discussed.

The proceedings of the Symposium will be issued by IAEA.

CONFERENCE ON CONTROLLED THERMONUCLEAR FUSION
f:. I. Kuznetsov

In February 1979 in Zvenigorod, participants in research on high-temperature plasma physics and con-
trolled thermonuclear fusion (CT F) assembled. A Conference was held here devoted to the 70th birthday an-
niversary of Academician L. A. Artsimovich (1909-1973), who over a period of many years was the acknowledged
leader of research on CTF. About 200 Soviet and foreign specialists participated in the work of the Confer-
ence. Twenty review and 55 original reports were heard in four sections (closed magnetic traps, inertial
plasma containment, pulsed systems, and open traps). On the opening day of the Conference, a memorialses-
sion was held, at which Academician B. B. Kadomtsev addressed a paper on the creative course of Acade-
mician Artsimovich. Soviet and foreign scientists spoke with recollections of the life of Lev Andreevich, his
contribution to CTF and the effect on the development of world science,

The review reports of the Soviet physicists were devoted to experimental research on tokamaks (V, S,
Mukhovatov), problems of theory (V. D. Shafranov), the nature of collapse instability (B. B. Kadomtsev), ex-
periments on plasma compression in tokamaks (V. E. Golant), investigations on stellerators (M. S. Rabinovich),
hf plasma heating in toroidal systems (K. N. Stepanov), recent research of open thermonuclear systems (D, D.
Ryutov), systems of the plasma focus type (N. V. Filippov and V. A, Gribkov), investigations of the energy con-
centration of relativistic electron beams (L. I. Rudakov), the initiation of thermonuclear reactions by means of
ion beams (A. A. Kolomenskii), plasma accelerators (A, I. Morozov), and the corpuscular method of plasma
diagnostics (V. V, Afrosimov).
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The American physicists spoke about the long-term program of work on CTF (D, Clark), investigations
on the PLT tokamak (G. Foort), a tokamak with a superpowerful magnetic field IGNITOR (B. Koppi), and a
program of research on open traps in Livermore National Laboratory (R. Post). Review reports of S, Mori
and K, Takayama were devoted to the work on CTF conducted in Japan, investigations on the DITE foroidal
facilities (Great Britain), FT (Italy) and TFR-600 (France) — reports of R, Bickerton, S. Segre,.and D, Tashon,

The year 1978 was a fruitful year for tokamak research; the ion and electron temperatures were signif-
icantly increased, and the behavior of the plasma in the collisionless regime was studied (important from the
point of view of operation of a thermonuclear reactor), as a result of reducing the concentration of impurities
the range of the discharge parameters was extended with stable behavior of the plasma. Investigations were
started on the large-scale facilities DOUBLET-III, ALCATOR-C (USA), FT (Italy), TFR-600 (France) and
Tuman-3 (Soviet Union), As a result of using high-powered auxiliary (nonohmic) heating sources, the plasma
parameters on certain operating facilities were improved by a factor of several, The results obtained on PLT
proved to be interesting, where with a beam injection power of hydrogen atoms of 2.1 MW and a plasma density
of2.2- 108 ecm™3, an ion temperature of ~ 5.5 keV was successfully achieved, which exceeds the DT "igni-
tion" temperature with an unlimitedly large plasma containment time. As the experiments showed, in the
collisionless regime, the power containment time of the ions amounted to 25 msec, which corresponds to neo-
classical thermal conductivity. On T-11 (Soviet Union) transition to the collisionless region was achieved at
a considerably lower temperature (0.5 keV) and plasma containment time, and also proved to be in agree-
ment with neoclassical theory. This means that in the operating conditions of a future power-generating toka-
mak reactor, no new types of instability will arise, preventing the construction of the reactor. As the electron
thermal conductivity in the case of a high plasma density, according to experiments on ALCATOR and T-11,
also approximates to neoclassical, sound predictions of the thermonuclear plasma parameters in the tokamak
- reactor will be possible. However, up to now the physical mechanism of the losses of the electron component
at low density — increase of the coefficient of electron conductivity by two orders of magnitude by comparison
withneoclassical — is still not clear, ' A possible reason for this phenomenon may be the breakdown of the mag-
netic field structure. In order to understand the process, accurate and sufficiently complete experimental
data about the actual dependence of the coefficient of thermal conductivity on the electron temperature will be
necessary. The majority of experiments have shown the anomaly of the diffusion of the plasma at the periphery
of the plasma cord (in the high-temperature zone, diffusion approximates to neoclassical) and the impurities,
which are not accumulated at the center of the cord, but drift away from the plasma with a velocity which is
close to the diffusion velocity of the main plasma. It is precisely due to this phenomenon that the concentra-
tion of impurities in the plasma could be reduced by a factor of several and in the majority of facilities, where
optimal methods of purifying vacuum chambers are used, the effective charge of the impurities in a hydrogen

plasma approaches unity.

According to initial theoretical calculations, the value of 8 (the ratio of the plasma pressure to the
toroidal magnetic field pressure) in tokamaks cannot exceed 1-2%, which was a considerable drawback of the
tokamak from the point of view of constructing an economically profitable reactor. Higher values of 8 have
been obtained on certain facilities. Thus, on T-11, due to operation in a regime with a reduced safety factor
of the stability of the plasma cord (q = 2), the value of 8 amounted to 5%. Recent theoretical work also con-
firms that B can reach 8%.

There have been successes in plasma heating by ion-cyclotron and low-hybrid resonances and by means
of Alfvén waves; however, in all experiments the power injected into the plasma still does not exceed the ohmic
heating power, When heating up the plasma by adiabatic compression, an improvement of the plasma thermo-
insulation is observed. Alternatives of heating are being considered, when the compression is combined with
other methods — the injection of a beam of fast atoms and hf heating, '

The conclusion can be drawn that on tokamaks of the next generation, in the next few years a plasma will
be obtained with a thermonuclear temperature and density which will be maintained stable for a long time.

At the present time, more than ten different stellerators are operating in the world, and a further four
large-scale facilities are being planned. Stellerators allow operation in both the tokamak regime (in the
presence of a discharge current) and also in the nonconduction regime using nonohmic methods of heating.
The latter regime is important first and foremost for investigating the nature of the anomalous electron
thermal conductivity. It was shown recently that the previously observed short plasma containment time in
stellerators in the tokamak regime, by comparison with tokamaks, was connected with an imperfect design
of the magnetic systems. Therefore, the main efforts in studies of stellerator systems are directed now at
the development of nonohmic methods of plasma heating, and to explaining the cause of the anomalous electron
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thermal conductivity, and also to finding the optimum magnetic field configurations and stellerator designs,

including with magnetic diaphragms and inverters (systems for the removal of impurities). It should be noted
that already the advantage of spiral magnetic fields has been demonstrated for stabilizing collapse instabilities
and for improving plasma thermal insulation.

From the moment when a stable plasma containment was obtained on the open magnetic trap 2XIIB (USA),
at a pressure exceeding the magnetic field pressure, and also when Soviet physicists spoke about the idea of
ambipolar magnetic traps, there has again been a sharp growth of interest toward open magnetic systems. In
the Soviet Union and the USA, in the near future experiments are to be started to verify the plasma contain-
ment theory in ambipolar traps. These systems are the normal trap with magnetic plugs, but each plug is
joined through yet another trap. Within the confines of the traps, a plasma is formed whose density exceeds
the density in the central trap, and in consequence of this, a potential barrier originates and which contains the
ions in the central trap, In this case the containment time can be increased by a factor of many tens by com-
parison with the normal open trap. In the case of positive results of the verification, the possibility will be
revealed of constructing a power-generating reactor, which is structurally simpler by comparison with closed
systems. Preliminary engineering development of reactors based on ambipolar systems is already being con-
ducted in some countries.

Recent work on 0-pinches has been devoted mainly to plasma heating in a longitudinal magnetic field by
conventional methods and the injection of relativistic electron beams and colliding plasma bunches. A new
method of heating in systems of this type (Soviet Union) has permitted, by the retardation of colliding plasma
flows, an ion temperature of ~1 keV (as a result of thermalization of the energy of the bunches) to be obtained,
with a plasma density of ~ 101° cm™3, In one of these experiments (Soviet Union) it has been shown experi-
mentally that in the small volume of a solenoid, a quite long field in the megagauss range can exist.

In experiments on plasma focusing (Soviet Union) it has been shown conclusively that this system repre-
sents a plasma inductive storage device with a plasma tripping device, and generates a beam of electrons and
ions with a pulse duration of ~ 1078 sec (with a power of 1 TW). The number of accelerated ions reaches 10'°-
10%6 with an energy of 1-1,5 MeV. The electron streams are focused to a size of 1 mm, and this provides an
energy flux density at the target of more than 10'® W/cm?, By irradiating the plasma formed at the plasma
focus at a defined instant of the compression phase with a laser, the maximum radiation absorption is ob-
served, giving an increased neufron yield of a factor of 1.5-2,

The use of plasma accelerators for obtaining a high-energy plasma and for filling the magnetic traps is
considered as one of the possible routes for building a reactor system. At the present time, an accelerator

on a current of up to 0.5 MA (with a duration of 100 usec) and an energy of 0.1 keV has been built (Soviet Union),

At the same time, the various plasma accelerators, initially being developed within the framework of the CTF
program, have now found a wide application as plasma engines for space vehicles, in the treatment of solids
and in other fields of technology.

Work has been proceeding successfully on laser thermonuclear fusion, During recent years new experi-
mental data have been obtained about the interaction of high-powered radiation (with an energy of ~ 100 J) with
the plasma corona of a solid target, in the first place by absorption of laser energy fluxes with a density of
1013-10'® w/cm?, However, the heat-transfer process, the nature of the formation of fast particles, the genera-
tion of superpowerful magnetic fields, etc. are still not clear. The development of high-powered laser systems
(neodymium and CO,) with control automation has reached a high level, which has allowed facilities with a
laser beam with an energy of up to 10 kJ to be constructed, and experiments on the irradiation of microtargets
to be started at energies of ~ 1 kJ and higher. '

Corpuscular diagnostics has proved to be a very effective means of measuring the parameters of the ion
component of a high-temperature plasma, and has allowed information to be obtained about the heating and
cooling processes of ions, At the present time, passive (analysis of the stream of particles from the plasma)
and active (the injection of a sampling beam of atoms into the plasma with subsequent analysis of the atoms
scattered by the ions of the plasma, and ions of the plasma which have been recharged by the beam) methods
of corpuscular diagnostics are being used in many countires. In the Soviet Union multichannel analyzers with
magnetic scanning have been developed, which will allow particles to be analyzed according to mass and

energy during a single working discharge. They are being used successfully in several foreign facilities, Ex- -

periments have been carried out to determine the concentration of impurities (ions of oxygen and carbon) by a
method based on recording the characteristic emission, which originates with the recharging of the impurity *
ions by atoms of the injected sampling beam. Methods of corpuscular diagnostics are finding extensive appli-
cation in large-scale facilities of the next generation, for determining the local parameters of hydrogen ions
and impurity ions. :
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CONFERENCE ON MATERIALS FOR

THERMONUCLEAR REACTORS

N. A, Makhlin

In the work of this Conference held on Jan, 29-31, 1979, in Miami (USA), scientists from Great Britain,
Denmark, Canada, the Soviet Union, USA, Federal Republic of Germany (FRG), Switzerland, Sweden, and
Japan participated. Some 226 reports were presented, of which 18 were reviews, and 8 sections worked: the
use of materials in facilities and system analysis; the interaction of a plasma with the wall; radiation effects;
problems of tritium and the compatibility of materials; materials for systems with inertial plasma contain-
ment; lifetime of walls; materials for special purposes, and economics and prospective materials.

The work agenda of the Conference provided for the presentation of original papers mainly as bench
reports. Only review reports, a large part of whichwere presented by American scientists, were taken into
account, The Director of the Division of Thermonuclear Research, Department of Energy, USA, E. Kintner,
addressed the Conference; he made a review of the state of work on thermonuclear power generation.

In some reports, the state of affairs and prospects were highlighted, and also an attempt was made to
formulate the principal requirements for materials in the various systems with magnetic and inertial plasma
containment, and the specific properties of the material-behavior problem in hybrid reactors, etc. were dis-
cussed. In the conceptual designs of thermonuclear reactors, the tendency is marked to a certain increase of
the neutron loading at the wall up to 2-4 MW/m?, by comparison with 1 MW /m? provided for in designs of the
middie 1970s. This was caused both by considerations of the economy of the reactors and by the expectations
in solving material-behavior problems. As a result of this, the predicted lifetime of the first wall coresponds
to a loading of 10-20 MW -yr/m?,

When considering the so-called surface effects, taking place by the interaction of the plasma with the
wall, the main attention was paid to such phenomena as chemical and physical sputtering, blistering, peeling,
capture, and reemission of implanted gas, secondary ion emission, and the charged state of reflected and
atomized particles. In the reports of the American specialists, work was presented on the choice of limiters
and wall sereens, from the point of view of stability toward thermal shocks and thermal fatigue. In order to
test materials with respect of stability toward thermal shocks and thermal fatigue, it was necessary to work
out a special program of tests, standardization, criteria of comparison and sampling of the materials based on
simulation tests. Investigations of the atomization of complex compounds with the predominant atomization of
one (light) alloy component were of considerable interest, This, in conjunction with radiation-stimulated dif-
fusion transfer of the light component from the body of the alloy to its surface, where equilibrium concentration
is established, opens.the path to the reduction of loading of the thermonuclear plasma with heavy impurities.
The work of the American and other researchers gave the basis for supposing that in order to reduce the con-
tamination of the plasma due to the different mechanisms of surface erosion, work in the field of development
of materials with low atomic number should be continued: special grades of graphite, carbides, borides, com-
posites with graphite, and also titanium coatings. Studies of the mechanism of the entry of impurities into the
plasma as a result of the onset of unipolar arcs are being extended. :

New results have been obtained of studies of the phenomenon associated with the capture and reemission

of hydrogen isotopes, Special attention includes the study of titanium and its alloys, in which the considerable
absorption and the weak reemission of hydrogen isotopes is observed, and also materials where isotopic effects
are strong. Just as in respect of "surface" effects, so also with " volume" effects, the importance and neces-
sity of a complex approach to the solution of material-behavior problems of CTF once again has appeared.
Thus, the preliminary irradiation of samples with heavy ions has a significant effect on the reduction of re-
emission, leading to a large number of migrations in the atom. The interaction of structural materials with
liquid metal coolants discussed, in essence has been reduced to the analysis of the lithium problem, and is
also complex: the material-behavior aspects of technology associated with tritium; the development of traps,
getter systems, efficiency of pumping systems, and other elements of the tritium circuit; compatibility and
corrosion of materials in liquid lithium; corrosion inhibitors in lithium; the use of different lithium and so-
dium salts as a coolant,. and the contamination of liquid lithium by impurities.
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The reports and discussions once again confirmed that the problem of radiation stability is particularly

acute for thermonuclear reactor materials, Special attention is paid also to such phenomena as radiation
swelling and creep, structural and phase transformations under radiation, and change of mechanical propertles
(particularly high- and low-temperature embrittlement). Because of this, further extension of the work on de-
termining the nature of radiation defects during the irradiation of materials by thermonuclear neutrons, and
estimates of the buildup of helium and hydrogen will be necessary. Theoretical work on calculating the forma-
tion and growth of vacancy pores, gas bubbles, etc., including computer simulation are very important.

A large number of papers was devoted to the study of swelling of stainless steel, mainly SS 316, irradiated -
both in reactors and ion accelerators (simulation experiments). Specific, practically important results were
obtained. For example, preliminary 20% cold straining reduces swelling of this steel during irradiation in
HIFIR, under conditions of the buildup of a large amount of helium and a considerable number of migrations
per atom (up to 60) at a temperature below 700°C. A significant reduction of swelling is observed also by
alloying steel with silicon and titanium. From the data of the simulation experiments of other materials, the
results obtained confirm the small swelling of titanium and especially its alloys with aluminum and vanadium,
produced by a large radiation dose. However, data are required in corroboration with the results of reactor
tests.

In some reports it was mentioned that radiation damage as a result of a large dose of radiation accel-
erates phase disintegration and leads to radiation-stimulated deposition of segregations. Helium has a strong
but ambiguous effect on phase disintegration by accelerating the growth of one and slowing down the growth

_of other phases. Radiation creep is being studied intensively, which, in the opinion of many specialists may
be one of the principal factors determining the construction, effici iency and economy of future thermonuclear
reactors., For the first wall of the reactor, the position is aggravated in that, in consequence of the drop in
temperature, over its thickness, nonuniform swelling and creep originates. Their interaction leads to the
onset of an additional high stress, the value of which is increased with increase of the specific loading. It is
significant that in this case, as the simulation tests have shown, the rate of radiation creep during irradiation
in the pulsed regime is greater than for steady irradiation,

In studying the mechanical properties of possible materials for thermonuclear reactors, particular at-
tention has been paid to the effect of large concentrations of radiation defects, helium and hydrogen on the
characteristics of short-time tests, on cyclic fatigue, and deformation mechanisms. The dependence of the
degree of embrittlement and hardening of certain materials and alloys on the neutron spectrum appears to be
important. It is probable that here, on the one hand, the dependence of the (n, @) reaction cross section on
energy is revealed, and on the other hand, it is the leading role of helium embrittlement, Because of this,
works ondosimetryand experimental data on the buildup of helium in materials with a different content of ele-
ments, especially with a large value of the (n, @)-reaction cross section, are interesting.

The results of the investigations of the nature of the primary radiation defects, originating by irradiation
with high-energy neutrons and also by simulated radiation, showed the significant dependence of the structure
of the radiation defects on the imparted energy spectrum. In certain cases, noncomparability of the experi-
mental results obtained by different authors is observed. There is no agreement between the qualitative and
quantitative characteristics of cascades and subcascades, damage functions, etc. when comparing the experi-
mental results with the calculations on computers,

On the whole, the work of the Conference was very fruitful, It showed the importance and necessity of
solving the problem of material-behavior for thermonuclear fusion, the extension of work in this direction, and
at the same time.the new problems and tasks formulated, the solution of which will contribute to the construc-
tion of reliable, economical and long-lived working facilities and thermonuclear reactors.

The proc_eédings of the Conference will be published in the "Journal of Nuclear Materials,"
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INTERNATIONAL TAEA SYMPOSIUM ON THE BIOLOGICAL '

CONSEQUENCES OF THE DISCHARGE OF RADIONUCLIDES
BY NUCLEAR INSTALLATIONS

Yu. I. Moskalev

The Symposium was held on Mar, 26-30, 1979, in Vienna. Some 240 Specialists from 33 countries at-
tended, and also representatives of four international organizations, including the International Commission
on Radiation Protection (ICRP). During the five working days 62 reports were heard and discussed, which were
devoted to methods of estimating the radiation dosage to mankind by radionuclide discharge by nuclear power-
generating facilities, the distribution, kinetics of exchange and the biological action of 28pU, 2Py, *'Am, */Cm,
232y 2TTh, 8Co, 80Co, 4Mn, 224Ra, *¢Ra, ¥sr, °H, 14C, etc., their migration into the environment and through
biological chains; the analysis of factors affecting the cleansing.of skin from radionuclides; the role of de-
corporation in radiation protection; the effects of the combined action of internal emitters and other contami-
nants of the environment, Epidemological observations on personnel subjected to occupational irradiation
were considered, observations for radionuclides in food products and the value of these data assessing ra-
diation loads in man, radioecological and ecological parameters of the movement of radionuclides, the value
of these factors for assessing the risk, and radiation monitoring. New scientific information on all the prob-
lems enumerated was discussed at the Symposium, and some data have important practical value.

At the opening of the Symposium, P, Bryant (Great Britain) gave a review report on radionuclides ejected
' by nuclear power-generating installations, and methods of estimating irradiation dosages to man. The report
was constructed on the basis of the new recommendations of Publication No, 26 ICRP, the expected collective
radiation dosage was estimated (man-rem /MW (el) -yr) for the thyroid gland and the bone marrow, due to the
atmospheric and water migration route of radionuclides for light-water reactors. The prospects of develop-
ing nuclear power were considered, taking account of the use of new sources of nuclear fuel (*4'pu, Miam, 28pp,
and %!pa). Because of the storage of radioactive wastes, attention was paid to carrying out investigations by
modeling the environment (voleanic activity, mining operations).

The blastomogenic effect of @ and 8 emitters continued to attract attention. In contrast from intravenous
injection, in the case of inhalation of microspheres of 2PuZrO, or 2**PuZr0, with an activity of 8 to 100 nCi,
for a significant part of animals pulmonary swellings developed. The optimum frequency of swelling was ob-
served with an average dose of ~ 7.5 krd (R. Thomas and D, Smith, USA). An increase of the average dura-
tion of life of female rats was noted with the injection of a small amount of ?!Am and 2°2Cf, giving an irradia-
tion dosage to the osteoclast of 6-60 rd. The radiosensitivity of dogs was established to be greater by com-
parison with rats, With an identical, or near, tissue dose, dogs were found to be 4-6 times more sensitive
than rats to osteocarcinogenic action of *Am (Yu. I. Moskalev and coauthors, Soviet Union). After inhalation
of aerosols of 238pu, 23%py, 241 Am, and 244Cm, the risk of developing cancer of the lungs in rats was found to be
within the limits of 0.0006-0.0029 per rad (Ch. Sanders and A, McGuffy, USA). In some reports, the possi-
bility was noted of the development of leukemia with the incorporation of transuranic radionuclides. Leukem-
ia resulted on the average 8 times more infrequently than osteosarcoma (D. Taylor, Great Britain),

It was noted that fission neutrons and « particles from #*°Pu (~1 and 5.15MeV, respectively) have an
approximately identical mutogenic action by comparison with constant low-intensity y irradiation by %Co
quanta. The relative biological efficiency (RBE) of a radiation and fission neutrons is found to be within the
limits from 13 for predominant lethal up to ~40 for reciprocal chromosome translocations (D. Gran and
coauthors, U.S.A,). -

A comparative analysis of the experimental data for the induction of swelling of the lungs by the inhala-
tion of & and B—v emitters was the subject of a report of the American specialists.

With a low irradiation dosage, the RBE for soluble and insoluble compounds of o emitters by compar-
ison with 8 —~ emitters was estimated to be equal to 23 and 85, respectively. These estimates are provisional,
but they show the validity of the ICRP solution concerning the change of quality factor for a radiation from
10 to 20,
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Great attention at the Symposium was paid to tritium. Experiments on mice indicated that by comparison
with low-intensity chronic v irradiation by ®°Co quanta during intrauterine and post-natal development, during
14 days the RBE of tritium oxide in the region of low-power dosage reaches 3 (R. Dobson, US.A.). In ex-
periments on yeasts it was shown that the RBE of tritiated uracil by comparison with the action of 80Co v
radiation is less than unity, whereas in the case of tritiated water, the RBE is equal to 2,8, In cultures of
cells of mammals, several factors can affect the value of the RBE of tritium. They include the position of
tritium in the molecule used as a marker for DNA (the so-called position effect); the stage of the cell cycle,
when damage occurs, as there is a "hot time" for mutagenesis during the cell cycle; the region of DNA which
is damaged, as there are "hot positions™ inside nuclear DNA for different genetic points (G. Burke and co-
authors, U.S.A)). ' :

The identical reduction of the amount of trunk cells by the action of 1*’Cs v radiation and tritiated water
was noted, Prolonged entry of tritium from drinking water to the amount of 3 ¢ Ci/ml, creating approximately
during 3 weeks a dose intensity of 0,69 rd/day, has an average expressed biological effect. This concentration
is many orders higher than the content level of tritium in water, which may originate during operation of
power reactors (A. Karsten and E, Kronkeit, U.S.A.). S. Apelgot (France) showed that the transmutation effect
can be estimated only for radionuclides decaying inside DNA, and in the case of decay in other molecules, the
radiation effect predominates, depending on the radiation dosage.

S. Cohen and coauthors (U.S.A.) investigated the metabolism of krypton in the human organism, Five
periods of semiexcretion of krypton were noted (21.5 sec, 4.7 min, 0.33, 2.41, and 6.67 h). It is excreted
slowest of all from the fatty tissue. S. Sundel-Bergman and K, Johanson (Switzerland) studied the frequency
of DNA chain ruptures in fibroblasts of Chinese hamsters labelled with 140, The RBE for the particles of
14C was found to be close to unity. V, Sonntag (FRG) showed that with the incorporation of **°Pu, the maximum
surface dosage in the bones of rats is 10 times higher than average. The report of N, Priest (Great Britain)
was devoted to the refinement of the dosimetric model of the behavior of 233Pu in bones, The results were
used for calculating the permissible limit of the annual uptake of 2*°Pu, which was found to be a factor of 1.5-3
less inflexible than when using the ICRP model (1979).

F, Staizer and coauthors (Great Britain) showed that the ICRP pulmonary model used at the present time
for estimating tissue dose can overestimate by at least a factor of 10 the quantity of plutonium entering the
blood after inhalation, The greatest effect on its behavior was found to be sodium and potassium (with atomic
ratios of M: Pu equal to 27-36), increasing the extrapulmonary deposition of PuO, by more than a factor of 400,

G. Methivier and coauthors (France) established that the intratracheal injection of benzpyrene prior to
inhalation of %**Pu0, has a synergic effect on shortening the life span and the frequency of development of can-
cer of the lungs. The modifying effect of benzpyrene on the induction of lung cancer shows the necessity for
taking account of harmful habits (smoking) of occupational workers, which might increase the blastomogenic
action of radionuclides. Ch. Mace (U.S.A.), based on investigations of European patients, living for more than
10 years after the intravenous injection of thorotrast, estimated the risk of the onset of cancer of the liver for
people (300 cases in 10° population per rad of @ radiation). K. Pulheim (GDR) determined the period of semi-
excretion of 8°Co from the human organism, equal to 230 days, and *Mn and *3Co ~ 35 days.

According to the calculations of R. Rowland (U.S.A.), by the incorporation of 0.1 Ci of *?6Ra, the risk of
developing osteosarcoma over 50 years (from 20 to 70 years) amounts to 2,7 +1075, with a single intake of 44.5
nCi of 23%Pu (accumulation in the bones of 40 nCi) it is ~ 189.107°, and the natural frequency among townsfolk
in the U.S.A. is 33+107, Thus, with the accumulation in the skeleton of 40 nCi of *3°Pu, the development of ap-
proximately one case of osteosarcoma can be expected per 500 people.

The report by I.Omona and M. Sumia (Japan) assesses the consequences of contamination of sea products
required by man, by radionuclides in the region of location of the nuclear power reactor "Tokai." The content
of radionuclides in reservoir water in Japan is determined at a distance of 5 km from the discharge point. In
the tissues of fish in the vicinities of the fuel reprocessing factory at Windscale (Great Britain), 28py, 239-240py,
A, and 422%Cm have been detected. The entry of the transuranic elements into the human organism from
consumable fish does not exceed 0.01 ofthe values recommended by the ICRP (R. Pentreath, Great Britain),

Considerable attention at the Symposium was paid to consideration of the radioecological parameters of
the mobility of radionuclides. Based on an analysis of the data, the range of values of the migration factors of
radionuclides into milk and meat cortex was estimated and also the buildup of radionuclides in foodstuff and
fodder agricultural cultures. The results of other investigations have shown that the Chamberlain model de-
veloped earlier for the absorption of aerosols by vegetation for grassy forms may be used for estimating the ab-
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sorption of radionuclides by vegetables (beans, soya, bread cereals, and other nongrassy forms). F. Van Dorp
and coauthors (The Netherlands) proposed a model which will allow the transfer of activity from soil to crops
to be estimated.

The Symposium proceeded in a businesslike creative manner, The reports were discussed thoroughly
and some of them developed into lively debates.

URGENT PROBLEMS OF RADIATION PROTECTION

R. M, Aleksakhin

In March 1979, in Paris, a meeting of Committee 4 of the ICRP was held. Its task wasto evolve rules,
standards and recommendations for radiation protection and safety. Representatives from JIAEA, World Health
Organization (WHO), International Labor Organization (ILP), and several other international organizations
participated in the Meeting. ‘

The purpose of the Meeting was to consider questions of the practical application of the new proposals
of Publication No. 26 of the ICRP, in which the basic concepts of radiation safety are discussed. The essence
of the new concepts consists in the necessity for observing in practice three principles of radiation protection:
justification (reasons) for the system of radiation protection measures used (the use of ionizing radiation in~™ =~ "~
practical work is justified only in the case when it will ensure a "pure" advantage to be gained, i.e., the risk
from radiation is less than the dosage received by man); optimization (radiation dosage is reduced by the op-
timum method, reaching the level when its further reduction is found to be unjustified, in consequence of the
high cost of measures to ensure protection); and the introduction of systems for limiting the irradiation dosage
(the individual irradiation dosage of occupational workers does not exceed the defined limits).

The practical introduction of these proposals, however, is associated with considerable difficulties.
These include, in particular, a comparison of the permissible economic expenditure in providing radiation pro-
tection, expressed in monetary equivalents, on the one hand, and the accepted irradiation dosage due to this
reduction, estimated as a collective dose (man - rem), onthe other hand. If the system for limiting the individ-
ual irradiation dosage at the present time is sufficiently complete and scientifically justified, then for a collec-
tive and collective expected dose (for long-lived radionuclides such as 1C, 129, 23%py, etc.), the situation is
found to be complicated, The gradation of the permissible dose, normalized in units of man.rem /W -h of
electric power generated in nuclear power stations, taking account of the complete nuclear fuel cycle, has not
yet been evolved, There are also procedural difficulties in calculating the collective and collective expected
dose.

In the light of the new concepts of radiation safety, radiation monitoring during the irradiation of occu-
pational workers in the outside environment in the vicinity of nuclear power installations was discussed. The
necessity for estimating the collective irradiation dosage of the population, residing in the neighborhood of
nuclear establishments, introduces the problem of modelling the migration of the most radiation-hazardous
nuclides into the natural environment. Radiation monitoring of the outside environment in the vicinity of nu-
clear power installations complicates the global radioactive fallout. The radiation dosage to the population,

. estimated in this way, because of the nuclear fuel cycle factories, must be considered in the combination of

the effect on the surrounding environment of all the factories located in this region. Only in this case can the
effect of the radiation factor and factors of some other nature on the environment and the population be estimated
unambiguously.

The discussions dwelt on the use of proposals for normalizing the effect and the introduction of a system
for limiting the dose load, contributed by the natural radiation background. The urgency of the problem was
stressed by the rising technogenic enhancement in recent years of the natural background, in consequence of the
intensification of the circulation of heavy natural radionuclides from the uranium and thorium families in the
mining-extraction and processing industries, the use of structural materials with an increased content of natural
radionuclides, the increased use of mineral fertilizers and chemical substances with a high concentration of
uranium, thorium and their decay produects in agriculture, etc. The estimation of the radiation dosage due to
the decay products of radon for the population in houses in regions with an increased concentration of radium,
and occupational workers in the mines, occupies a special place in the effect of the natural radiation background,
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At the Meeting the principles and methods of the use of irradiation optimization as a part of a system .
for limiting the dose effect were discussed. The limitations concerned both external irradiation (optimization
because of distance from the source and strengthening of physical protection) and also internal irradiation
(improvement of ventilation, purification of the air, and distance from the source). An attempt has been made
to estimate the expenditure on optimization of the irradiation dose limitation for various nuclear power in-
stallations from a calculation of the economic costs on protection and a reduction of the collectlve lrradlatlon
dosage..

Despite the difficulties defined for the practical ach1evement of the new concepts of radiation protection,
the acceleration of their introduction will be facilitated by a more rigorous assessment of the radiation con-
sequences of the transition of power generation to a nuclear basis for the population and the environment.

SEVENTH SEMINAR ON COMPUTER SIMULATION OIF RADIATION
AND OTHER DEFECTS IN SOLIDS

Yu. V, Trushin

In December 1978 at the Institute of Solid Physics, Academy of Sciences of the SSSR (Chernogolovka),
a Seminar was held which was devoted to the simulation of defects and processes of nonradiation origin, The
transmission of a dislocation, the development of an assembly of dislocations, the interaction of point defects
and disloeations, the connection between micro- and macroscopic processes in crystals and also the crystal-
lography of defects in polymers were discussed at the Symposium.

In the first group of reports, the work of V. I, Vydashenko and A, I. Landau (Kharkov Physicotechnical
Institute) should be distinguished, concerning the movement of a dislocation through an arbitrary two-dimen-
sional network of thermally surmountable point obstacles, with the presence in the glide plane of a small con-
centration of unsurmountable obstacles, Under the effect of the unsurmountable (or difficultly surmountable)
stoppers a systemmatic reduction takes place of the average value of the angle o; at which the dislocation at-
tacks the easily surmountable obstacles encountered on its path. As aresult, the average effective velocity
of the thermoactivated motion of the dislocation in the glide plane decreases, which is equivalent to the orig-
ination of a local opposing stress. The model described serves as one of the possible microscopic mecha-’

‘nisms of deformation hardening. The same authors simulated on a computer the thermoactivated motion of

the end of a dislocation, emerging at the surface of a crystal, and established the distribution of the migra-
tions of the ends of the dislocation lines from one near-surface stopper to another, and also the distribution
of the delay time at these stoppers.

G. V. Bushueva (M. V. Lomonosov Moscow State University) simulated the process of the passage of
glide dislocations through plane grids of dislocations with a gradually increasing external stress, for different
values of long-range interacting stress field. This allowed the stresses to be determined for the passage of
a flexible dislocation through a network with a different value of the longrange interacting stress field. More-
over, by analyzing the elastic interaction of the circular boundary of the dislocation loop with the edge of the
dislocation, migrating in planes which are parallel to the plane of occurrence of the loop, the possibility was
shown of the origination of 3-9 equilibrium dislocation configurations. '

-

V. S. Boiko (Kharkov Physicotechnical Institute) determined by mathematical simulation that the heigﬁf '
of the Peierls energy barrier preventing movement of the spiral twinning dislocation along (111) in a micro-
crystal of tungsten is equal to 0.074 eV, and the Peierls stress can be defined as op ~ 1072y (where 1 is the
displacement modulus. S. B. Goryachev (Moscow Engineering Physics Institute) showed that the long-range
interacting stress field of the original dislocation structure of the crystal does not affect the stress of the
start of the internal Franck—Reid source. These approximate analytical calculations were confirmed by com-
puter simulation,

The second group of reports at the Seminar was devoted to the simulation of the behavior of dislocation
assemblies. S. B. Goryachev, by the Monte Carlo method, simulated the early stages of plastic deformation .
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hardening for the case when the plastic deformation process is determined by the evolution of the dislocation
-assemblies, In addition to this, he investigated the process of the formation of dipole dislocations by two
sources which, by the action of a uniform external stress, radiate counter-clusters of edge dislocations of
.opposite sign, in parallel glide planes.

The simulation of the motion of dislocation assemblies during the growth of crystals in the initial stages
of plastic deformation and recovery was carried out by V. M, Danilenko (Institute of Applied Mathematics,
Academy of Sciences of the Ukrainian SSR) and it was shown by the example of molybdenum that in the absence
of stoppers, the assembly of parallel dislocations is an extremely mobile system; in particular, the surplus
dislocations of one sign are dispersed over 1 usec to a distance of about 1 pm. Dipole dislocation systems are
found to be more stable, but even in this case several active dislocations per second migrate to a distance
greater than the average size of the dipole. In realistic conditions, dislocation systems are moving through
the dislocation forest. Therefore, A. A. Predvoditelev (M. V. Lomonosov Moscow State University) has sim-
ulated the passage of a train of elastically interacting flexible dislocations, taking account of the fine struc-
ture of the long-range interacting stress.field. For crystals of the NaCl type, the internal stress fields have
a weak irregularity, due to which predominantly single detachments of the moving dislocation from the dis-
‘location forest takes place, and the coefficient of resistance of the dislocation forest B, is increased by only
22% by comparison with the passage of a single dislocation. For hep crystals the internal stresses, in conse-
quence of the high degree of irregularity, cause bending by the glide dislocations, of a group of dislocations of
the forest, which leads to the intensive formation of a loop and an increase of B by 120%.

Point defects in crystals affect the different mechanisms of plastic deformation, and therefore a study

of their behavior is one of the problems solved by computer simulation methods. V. 8. Yushchenko (Institute ~— -~~~

of Physical Chemistry, Academy of Sciences of the USSR) investigated the diffusion of an interstitial impurity
in a two-dimensional crystal, deformed by a perpendicularly densely packed series of atoms. It was shown
that the single-axis tension, even in the absence of defects, can lead to a sharp increase of mobility of the dis-
solved component. The results are necessary for the analysis of the mechanism of adsorption, lowering of
strength and the process of separation of a new phase during breakup of the solid solution. Model absorption
calculations of point defects in an edge dislocation with the Burgers vector a (100) in a three-dimensional
crystal of &-iron were carried out by E Ya. Mikhlin (Institute of Engineering Physics). Vacancies, located
near to the nucleus of a dislocation, remained in a train with the node, at which they were located previously,
while the introduction of an internode atom in certain cases led to a marked rearrangement of structure., In
particular, the additional atom was displaced to the central part of the train and occupied there the internode
around the dislocation axis. The study of the absorption of point defects in a dislocation with a step allowed
the parameter 7 to be estimated, in an average way characterizing the preferential absorption of the inter-
node atoms by dislocations. With a dislocation density of 10! cm~2andwithan average distance between steps
of ~50a (Where « is the average interatom distance), a value of n = 1,037 was obtained,

In several reports, the connection between micro-and macroscopic processes in crystals was discussed.
In the simulation of the breakup of a chain of 41 atoms under conditions of constant deformation (A. I. Mikhailin,
M. I. Kalinin Polytechnic Institute, Lvov), the origination of rupture of this chain was observed much later
than the establishment of thermodynamic equilibrium, and the rupture preceded a high peak with .a width of 4-5
atomic bonds on the kinetic energy distribution curve.

D. N. Karpinskii (Rostov State University) simulated on a computer the thermally activated processes of
slippage and multiplication of dislocations in the plastic zone near the vertex of the crack for the case of its
development in the cleavage plane (001) in a-iron and slippage over the planes of the {110} family. The hard-
ening effect from an assembly of randomly arranged spherical coherent segregations in the body of the crys-
tal was investigated by A. B. Popov (Moscow Engineering Physics Institute). Based on the results obtained, the
deforming stress was calculated for crystals containing these segregations,

The macromolecular nature of the polymer crystals is due to their enhanced imperfection and the pres-
ence of specific crystallographic defects, A, P, Dreimanis (IMP, Academy of Sciences of the Latvian SSR)
proposed a procedure for studying the structure and properties of an end defect, formed during chain rupture
or by the presence of a molecular fold. It was established for orthorhombic polyethylene that the end defect
represents a vacancy train or the nucleating center of spiral dislocations, and simultaneously it contains also
a set of partial torsional dislocations., The lectures read in the school on the computer simulation of defects
in metals, which took place simultaneously with the work of the Seminar, will be published,
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